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ABSTRACT 

The p o t e n t i a l  of advanced f u e l  u t i l i z a t i o n  and energy conversion techno- 

l o g i e s  t o  enhance t h e  out look f o r  t h e  increased  use  of i n d u s t r i a l  cogenerat ion 

was assessed.  The a t t r i b u t e s  of advanced cogenerat ion systems t h a t  served 

as the  b a s i s  f o r  t he  assessment  included t h e i r  f u e l  f l e x i b i l i t y  and p o t e n t i a l  

f o r  low emissions,  e f f i c i e n c y  of f u e l  o r  energy u t i l i z a t i o n ,  c a p i t a l  equipment 

and operat ing c o s t s ,  and s t a t e  of technologica l  development. 

Over t h i r t y  advanced cogenerat ion systems were evaluated. These cogener- 

a t i o n  system op t ions  were based on Rankine cyc le ,  g a s  t u r b i n e  engine,  reci- 

procat ing engine,  S t i r l i n g  engine,  and f u e l  cel l  energy conversion systems. 

The a l t e r n a t i v e s  f o r  f u e l  u t i l i z a t i o n  included atmospheric and pressur ized  

f l u i d i z e d  bed combustors, g a s i f i e r s ,  convent ional  combustion systems, a l ter-  

n a t i v e  energy sources ,  and waste hea t  recovery. Two advanced cogenerat ion 

systems with mid-term ( 3  t o  5 year )  p o t e n t i a l  were found t o  o f f e r  low e m i s -  

s i ons ,  mul t i - fue l  c a p a b i l i t y ,  and a low c o s t  of producing e l e c t r i c i t y .  Both 

advanced cogenerat ion systems are based on convent ional  gas t u r b i n e  engine l  

exhaust  h e a t  recovery technology; however, they  inco rpora t e  advanced f u e l  

u t i l i z a t i o n  systems. One system f e a t u r e s  a pressur ized ,  f luidized-bed- 

combustor t h a t  is i n t e g r a t e d  with the  g a s  t u r b i n e  engine,  whi le  t he  o the r  

system inco rpora t e s  a p res su r i zed ,  air-blown g a s i f i e r  t h a t  i s  a l s o  i n t e g r a t e d  

wi th  the  g a s  t u r b i n e  engine. Other advanced cogenera t ion  op t ions  wi th  long- 

term p o t e n t i a l  inc lude  the  fuel-cel l -based systems,  bu t  they  r e q u i r e  s i g n i f i -  

c a n t  improvements i n  performance and/or  c o s t s  t o  reach commercial v i a b i l i t y .  
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SECTION 1 

INTRODUCTION AND SUMMARY 

1.1 THE CONCEPT OF INDUSTRIAL COGENERATION 

Cogeneration i s  t h e  p r a c t i c e  of simultaneously providing thermo- 

dynamic work and u s e f u l  thermal energy from t h e  same f u e l  o r  hea t  source. 

Typica l ly ,  the  thermodynamic work output  of a cogenera t ion  sys t em i s  s h a f t  

power o r  e l e c t r i c i t y ,  and t h e  thermal energy output i s  steam o r  hot water a t  

a temperature h igh  enough t o  be used i n  i n d u s t r i a l  p rocesses  o r  o t h e r  a p p l i -  

c a t ions .  U n t i l  t h e  e a r l y  19OOs, cogenera t ion  was a matter of n e c e s s i t y  f o r  

many i n d u s t r i a l  p l an t s .  However, w i t h  the  advent of r e l i a b l e ,  r e l a t i v e l y  

inexpensive e l e c t r i c i t y  from u t i l i t y  companies, t h e  practice of cogenera t ion  

was l a r g e l y  dropped because i n d u s t r y  found u t i l i t y -pu rchased  e l e c t r i c i t y  t o  

b e  more economical. Of cour se ,  i n d u s t r y  continued t o  produce hea t  f o r  use 

i n  manufacturing processes ,  l a r g e l y  i n  the  form of low t o  medium p res su re  

steam. A renewed i n t e r e s t  i n  cogenera t ion  stems from the  r i s i n g  c o s t  of 

f u e l  o i l  and n a t u r a l  gas  which encourages t h e i r  e f f i c i e n t  u t i l i z a t i o n ,  t h e  

s u b s t i t u t i o n  of less expensive t y p e s  of f u e l s ,  and t h e  use of a l t e r n a t e  energy 

sources.  

The o v e r a l l  e f f i c i e n c y  g a i n  r e s u l t i n g  from cogenera t ion  occurs  because 

t h e  e l e c t r i c i t y  produced by cogenera t ion  s y s t e m  d i s p l a c e s  an  equ iva len t  

amount of e l e c t r i c i t y  produced by a conventional u t i l i t y  power p l an t .  The 

h igher  o v e r a l l  energy e f f i c i e n c y  a t t r i b u t a b l e  t o  cogenera t ion  i s  not t h e  

r e s u l t  of poor f u e l  u t i l i z a t i o n  o r  i n e f f i c i e n t  ope ra t ion  by e i t h e r  conven- 

t i o n a l  i n d u s t r i a l  b o i l e r s  o r  u t i l i t y  power plants.  Due t o  fundamental thermo- 

dynamic l i m i t a t i o n s ,  u t i l i t y  power p l a n t s  conver t  on ly  about 40% of t h e  

f u e l  energy i n t o  e lec t r ic i ty  and must d i scharge  t h e  remaining 60% i n  t h e  

form of hea t  i n t o  cool ing  towers o r  o the r  hea t  s inks .  I n  o rde r  t o  conver t  
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as  much f u e l  energy as p o s s i b l e  i n t o  e l ec t r i c i ty ,  t h e  temperature  a t  which 

the  power p l a n t s  d i scharge  h e a t  must be as  low as possible .  Cogeneration 

s y s t e m s  circumvent t h e  problem of achieving a high e l e c t r i c a l  conversion 

e f f i c i e n c y  by s imultaneously producing e l e c t r i c i t y  and hea t  with a combined 

e f f i c i e n c y  of about 7 5 X ,  i n  c o n t r a s t  t o  power p l a n t s  t h a t  produce only  elec- 

t r i c i t y  a t  an  e f f i c i e n c y  of about 40%. The o v e r a l l  e f f i c i e n c y  of energy u t i l i -  

z a t i o n  of t y p i c a l  cogenerat ion systems i s  about t h e  same as  t h a t  of conven- 

t i o n a l  i n d u s t r i a l  b o i l e r s  -- about 70% t o  80%. An apprec iab le  o v e r a l l  energy 

sav ings ,  cons ider ing  t h e  f u e l  consumed by both  the u t i l i t y  and t h e  cogenera tor ,  

i s  obtained by cogenerat ion only  if the  hea t  recovery and e lectr ical  genera t ing  

e f f i c i e n c i e s  of t h e  cogenerat ion system are s u f f i c i e n t .  

In  order  f o r  cogenerat ion t o  be implemented by an i n d u s t r y ,  t h e  o v e r a l l  

cos t  of cogenerated e l e c t r i c i t y  and hea t  must be less than the  combined c o s t s  

of purchased e l e c t r i c i t y  and hea t  produced by convent ional  sys tems.  From t h e  

u t i l i t y  perspec t ive ,  t h e  c o s t  of product ion of cogenerated e l e c t r i c i t y  must 

be competi t ive with t h a t  of convent iona l  power, cons ider ing  t h e  va lue  of t h e  

cogenerated hea t .  This  r e p o r t  p re sen t s  an  assessment of t he  p o t e n t i a l  of ad- 

vanced technology, wi th in  t h e  s tudy  g u i d e l i n e s ,  t o  enhance t h e  economic out- 

look f o r  increased use  of i n d u s t r i a l  cogeneration. The a t t r i b u t e s  of advanced 

cogenerat ion systems t h a t  served as t h e  b a s i s  f o r  t h e  assessment inc lude  

t h e i r  f u e l  f l e x i b i l i t y  and p o t e n t i a l  f o r  l o w  emissions,  t h e i r  e f f i c i e n c y  of 

energy u t i l i z a t i o n ,  t h e i r  i n i t i a l  c a p i t a l  and opera t ing  c o s t s ,  and t h e i r  

t echnologica l  state of development and developmental r i s k .  The cogenerat ion 

system performance and c o s t s  were then  used t o  c a l c u l a t e  a r e p r e s e n t a t i v e  

c o s t  of e l e c t r i c i t y  f o r  each system. These c o s t s  of e l e c t r i c i t y  are f o r  

r e l a t i v e  comparison only and are no t  intended t o  i l l u s t r a t e  t h e  a c t u a l  c o s t  

of elect r ic i t y  pr oduced by cog enera t ion. 
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1.2 STUDY OBJECTIVE, APPROACH, AND GUIDELINES 

The major o b j e c t i v e  of t h i s  s tudy  i s  t o  i d e n t i f y  r e sea rch  a c t i v i -  

t ies t h a t  have the  p o t e n t i a l  t o  increase s u b s t a n t i a l l y  t h e  use of i n d u s t r i a l  

cogenerat ion i n  t h e  Southern C a l i f o r n i a  area. This o b j e c t i v e  was accom- 

p l i shed  through the  s tudy  approach shown i n  Figure 1-1. A review of p a s t  

and ongoing r e sea rch  a c t i v i t i e s  i n  energy conversion,  f u e l  u t i l i z a t i o n  and 

cogenera t ion  technology provided the  b a s i s  f o r  developing a l i s t  of advanced 

cogenerat ion system op t ions  and a p p l i c a b l e  r e sea rch  areas. These opt ions  are 

presented i n  Sec t ion  1.3 .  The c h a r a c t e r i s t i c s  of both t h e  advanced and 

p resen t ly  a v a i l a b l e  systems were der ived  from information publ ished i n  t h e  

open l i t e r a t u r e  by means of c o n s i s t e n t l y  appl ied  methods t o  i n s u r e  t h a t  t he  

a t t r i b u t e s  of t h e  cogenerat ion system op t ions  could be  meaningfully compared. 

These advanced cogenerat ion s y s t e m  op t ions  were compared wi th  p r e s e n t l y  

a v a i l a b l e  cogenera t ion  s y s t e m s  i n  terms of t h e i r  a t t r i b u t e s  and performance 

c h a r a c t e r i s t i c s  as expressed in terms of t h e  c o s t  of e l e c t r i c i t y  produced by 

a cogenerat ion system. The c o s t  of e l ec t r i c i ty  produced by a cogenerat ion 

s y s t e m  i s  subsequent ly  d iscussed  i n  Sec t ion  2.2 of t h i s  r epor t .  The advanced 

cogenerat ion system c h a r a c t e r i s t i c s  t h a t  served as t h e  b a s i s  f o r  t h e  f ind-  

i n g s  and recommendations of t h i s  s tudy  included f u e l  f l e x i b i l i t y  and the  

p o t e n t i a l  f o r  low emissions,  t echno log ica l  s t a t e  of development and develop- 

mental r i s k ,  t h e  f u t u r e  t i m e  frame i n  which a system might be commercially 

a v a i l a b l e ,  and t h e  c o s t  of e l e c t r i c i t y  produced by t h e  advanced cogenera t ion  

sys tem.  The recommendations thus  der ived  are given i n  Sec t ion  1.5;  t h e  

f ind ings  with regard  t o  t h e  cogenera t ion  system op t ions  are presented i n  

Sec t ion  1.4; and a comparative eva lua t ion  of t he  cogenera t ion  system opt ions  

i n  t h e  above respects i s  contained i n  Sec t ion  5. 

1-3 



REVIElJ OF RESEARCH 
ACTIVITIES IN 

- ENERGY CONVERSION - COGENERATION 
- FUEL UTILIZATION 

ASSESSMENT OF STATUS 
AND POTENTIAL OF 
ADVANCED OPTIONS 

A 

CHARACTERIZATION OF 
PRESENT COGENERATION 
SYSTEMS 

I + 

- - 

Figure 1-1 .  Approach Used to Identify Cogeneration 
Research Areas for Emphasis 

1-4 

IDENTIFICATION OF 
RESEARCH AREAS WITH 
POTENTIAL TO INCREASE 
USE OF COGENERATION 



A major g u i d e l i n e  t h a t  d i r e c t l y  inf luenced  the  outcome of t h i s  s tudy  i s  

t h a t  t he  e f f o r t  would be focused on advanced cogenerat ion system op t ions  

t h a t  make use of advanced energy convers ion  technology as i t  develops,  but  

no r e sea rch  a c t i v i t i e s  t h a t  would d i r e c t l y  pursue advanced energy conversion 

technology per se would be considered f o r  the  s tudy  recommendations. For 

example, r e sea rch  on f u e l  cel ls  and ceramic hea t  engines  would no t  be consi-  

dered i n  formulat ing t h e  s tudy  recommendations. Such bas i c  energy convers ion  

technology r e sea rch  programs r e q u i r e  long-term commit tment f o r  sponsorship a t  

s u b s t a n t i a l  funding l e v e l s  and are being pursued by t h e  Electric Power Research 

I n s t i t u t e  and by f e d e r a l  government agencies ,  inc luding  the  Department of 

Defense and the Department of Energy. Addit ional  s tudy  g u i d e l i n e s  were t h a t  

real is t ic  emissions s t anda rds  would be cons idered ,  t h a t  t h e  s tudy would 

address  both  topping and bottoming cyc le s ,  and t h a t  t he  c a p i t a l  c o s t  and the  

performance c h a r a c t e r i s t i c s  of t h e  advanced systems would be expressed i n  

terms of t h e  c o s t  of e l e c t r i c i t y  as  def ined  i n  Sec t ion  2.2. The c o s t s  of 

e l e c t r i c i t y  f o r  t h e  advanced cogenerat ion sys t ems  as  given i n  t h i s  r e p o r t  

are only f o r  r e l a t i v e  comparisons and do not r e f l e c t  the  a c t u a l  c o s t  of 

cogenerated e l e c t r i c i t y .  The f i n a l  gu ide l ine  s p e c i f i e d  t h a t  i n  a d d i t i o n  t o  

t h e  convent ional  f o s s i l  energy sources  (e.g., n a t u r a l  gas ,  petroleum and 

c o a l ) ,  t h e  a l t e r n a t i v e  energy resources  inc luding  biomass, s o l a r ,  r e f u s e ,  

and geothermal would be addressed. 
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1 . 3  COGENERATION OPT IONS CONSIDERED 

The cogenera t ion  system op t ions  that are addressed i n  t h i s  r e p o r t  

are l i s t e d  i n  Table 1-1. The p resen t ly  a v a i l a b l e  systems shown i n  Table 1-1 

serve as a b a s e l i n e  of r e fe rence  a g a i n s t  which t o  compare the  advanced co- 

genera t ion  systems. The p resen t ly  a v a i l a b l e  cogenera t ion  systems c o n s i s t  of 

components and prime movers t h a t  are conmercial ly  a v a i l a b l e  from equipment 

manufacturers and vendors. These systems are t r e a t e d  i n  d e t a i l  i n  Sec t ion  3 

of t h i s  r e p o r t  where t h e i r  system c h a r a c t e r i s t i c s  and c o s t  of producing 

e l e c t r i c i t y  are given. 

Advanced cogenerat ion system opt ions  t h a t  are addressed i n  t h i s  s tudy  

are l i s t e d  i n  T a b l e  1-1 beneath the  type of energy conversion system on which 

they are based, o r ,  i n  t he  case of the  a l t e r n a t i v e  energy systems, according 

t o  the  type  of a l t e r n a t i v e  energy source. The advanced cogenerat ion system 

opt ions  addressed i n  t h i s  s tudy  were i d e n t i f i e d  by means of a comprehensive 

survey of energy conversion system and cogenerat ion technology and are in t en -  

ded to  inc lude  those energy conversion system op t ions  t h a t  have p o t e n t i a l  to  

f i n d  use i n  i n d u s t r i a l  cogenerat ion systems i n  t h e  foreseeable  fu tu re .  The 

s tudy  was d i r e c t e d  toward i d e n t i f y i n g  those  advanced technologies  that would 

enable  both t h e  developing energy conversion systemS and those  in a r e l a t i v e l y  

mature state of development t o  f i n d  more genera l  use i n  i n d u s t r i a l  cogenera- 

t i o n  app l i ca t ions .  Hence, f o r  t h e  purpose of t h e  s tudy ,  t he  energy conversion 

systems, i.e., t h e  prime movers, were presumed t o  e x i s t  i n  r e p r e s e n t a t i v e  

conf igu ra t ions  t h a t  served as  t h e  common elements among t h e  cogenera t ion  

op t ions  f o r  each type of energy conversion system. The cogenerat ion op t ions  

within t h e  energy conversion system c a t e g o r i e s  are based on e i t h e r  t h e  mode 
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Table 1-1. Cogeneration Systems Addressed i n  the  Study 

PRESENTLY AVAILABLE SYSTEMS 

Base l ine  Systems 

o Rankine Topping 

o Rankine Bottoning (Organic 
Working Flu ids)  

o Reciprocating Engine 

o Gas Turbine Engine 

ADVANCED COGENERATION SYSTEMS 

Rankine Cycle Systems 

o Topping Cycles 

- Atmospheric F lu id ized  Bed Combustion 
- Al te rna t ive  Expanders 
- A l t e r n a t i v e  Energy Sources 

o Bottoming C y c l e s  

G a s  Turbine Engine Systems 

o Pressur ized  F lu id ized  Bed 

o In t eg ra t ed  G a s i f i c a t i o n  

o I n d i r e c t l y  F i red  

o Direct Coal-Fired 

Advanced Reciproca t ing  Engine Systems 

o G a s i f i c a t i o n  

o Direct Coal-Fired 
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Table 1-1. Cogeneration Systems Addressed i n  the  Study 
(con t d)  

ADVANCED COGENERATION SYSTEMS (cont'd) 

S t i r l i n g  Engine Systems 

o Conventional 

o Fluidized Bed 

Fuel  C e l l  Systems 

o Natural  Gas/Naphtha Reforming 

0 Fuel O i l  Reforming 

o G a s i f i c a t i o n  

A l t e r n a t i v e  Energy Sources 

0 Solar  

0 Biomass 

o Geothermal 

o Wind 
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of f u e l  u t i l i z a t i o n  o r  t h e  type of energy source. Cogeneration sys t ems  based 

on present  technology se rve  as a b a s e l i n e  of r e fe rence  a g a i n s t  which t o  com- 

pa re  the  advanced systems. 

The advanced cogenera t ion  system opt ions  that were analyzed i n  d e t a i l  i n  

t h e  s tudy  are shown i n  Table 1-2. The mat r ix  of Table 1-2 shows the  types 

of energy convers ion  systems t h a t  were adapted t o  a g iven  mode of f u e l  u t i l i -  

za t ion  o r  energy source and, converse ly ,  t he  a p p l i c a b i l i t y  of a p a r t i c u l a r  

energy source  o r  mode of f u e i  u t i l i z a t i o n  t o  d i f f e r e n t  energy conversion sys- 

tems. The a n a l y s i s  of t h e s e  systems included t h e  i d e n t i f i c a t i o n  of major 

components, a n  assessment of t h e i r  t echnologica l  s t a t u s ,  a thermodynamic anal- 

y s i s  t o  estimate cogenera t ion  system performance, and p r o j e c t i o n s  of i n s t a l l e d  

c a p i t a l  cos t s .  The estimates of performance and c o s t s  were then used t o  cal- 

culate a r e p r e s e n t i v e  c o s t  of e l e c t r i c i t y  fo r  each  cogeneration s y s t e m  option. 

The p ro jec t ions  f o r  i n s t a l l e d  c a p i t a l  c o s t s  f o r  t h e  advanced cogenera t ion  

systems are d i r e c t  c o s t s  and do not inc lude  i n t e r e s t  on funds during cons t ruc-  

t i o n ,  con t ingenc ie s ,  and o t h e r  i n d i r e c t  c o s t s  t h a t  can s i g n i f i c a n t l y  inc rease  

t h e  c o s t  of acqu i r ing  and owning a cogenera t ion  system. Therefore ,  t h e  c o s t s  

of e l e c t r i c i t y  f o r  t h e  cogenera t ion  systems are only  f o r  r e l a t i v e  comparisons 

and do not r e f l e c t  t h e  actual c o s t s  of cogenerated e l e c t r i c i t y .  
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1.4 STUDY FINDINGS 

I n  gene ra l ,  i t  w a s  found that t h e  advanced i n d u s t r i a l  cogenera t ion  

systems that rank  more favorably  i n  terms of t h e i r  c o s t s  of e l e c t r i c i t y  

make use of inexpensive f u e l  such as b ionass ,  c o a l  o r  r e f u s e ,  providing 

t h a t  t h e  a d d i t i o n a l  c a p i t a l  equipment necessary t o  use such f u e l  i s  not  

excess ive ly  c o s t l y .  The s p e c i f i c  f ind ings  of t h i s  s tudy  of advanced indus- 

t r i a l  cogenera t ion  systems are g iven  below f o r  each of t h e  advanced cogener- 

a t i o n  system types  as l i s t e d  i n  Table 1-1. The recommendations f o r  research  

are subsequent ly  presented i n  Sec t ion  1.6. 

Rankine Cycle Systems. The advanced Rankine topping cyc le  cogenera t ion  

system w a s  found t o  have a r e l a t i v e l y  h igh  c o s t  of e l e c t r i c i t y  (COE) 

and t o  have l i t t l e  p o t e n t i a l  f o r  achieving a lower COE through a c a p i t a l  

c o s t  r educ t ion  o r  energy e f f i c i e n c y  improvement r e s u l t i n g  from technol-  

ogy development a c t i v i t i e s  w i th in  t h e  gu ide l ines  of t h i s  s tudy.  Like- 

wise, Rankine bottoming cyc le  systems were found t o  have a h igh  COE 

wi th  l i t t l e  p o t e n t i a l  f o r  reduct ion .  Bottoming cyc le  systems must be 

evaluated vis-a-vis r ecupe ra t ive  recovery of waste hea t  f o r  preheat ing 

process  streams o r  b o i l e r  feed water; and, t y p i c a l l y ,  r ecupe ra t ive  

waste hea t  recovery y i e l d s  a more favorable  economic re turn .  

Gas Turbine Engine Systems. The d i r e c t l y - f i r e d  gas  t u r b i n e  engine (GTE) 

cogenerat ion systems have c o s t s  of e l e c t r i c i t y  that are among t h e  lowest  

of t he  i n d u s t r i a l  cogenerat ion systems due t o  t h e i r  moderate capi ta l  

c o s t  and h igh  o v e r a l l  energy e f f i c i ency .  The prefer red  GTE systems are 

d i r e c t l y - f i r e d  by means of a pressur ized  f l u i d i z e d  bed combustor (PFBC) 

o r  pressur ized  air-blown g a s i f i e r  (PABG) t o  enable  t h e  use  of f u e l s  

such as c o a l ,  biomass, and r e fuse .  Both t h e  PFBC and the  PABG systems 

have t h e  p o t e n t i a l  f o r  low emissions,  cons iderably  b e t t e r i n g  t h e  c u r r e n t  
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f e d e r a l  s tandards ,  bu t  perhaps having some d i f f i c u l t y  wi th  t h e  most 

s t r i n g e n t  C a l i f o r n i a  s t anda rds  that are under cons ide ra t ion ,  e -g . ,  

ox ides  of n i t rogen  emissions of less than  0.1 l b  per  m i l l i o n  Btu 's  of 

f u e l  f i r e d .  Post  conbust ion f l u e  gas t rea tment  might be r equ i r ed  a t  

t h e  most s t r i n g e n t  emissions levels. The d i r e c t l y - f i r e d  GTE systems 

could be a v a i l a b l e  f o r  s e r v i c e  i n  t h e  mid-term t i m e  frame (1985-1995) 

a f t e r  a nominal development e f f o r t  f o r  t he  PABG and/or t h e  PFBC u n i t s  

and t h e i r  i n t e g r a t i o n  with t h e  GTE. 

The d i r e c t  f i r i n g  of pulver ized coal i n  GTEs has  been inves t iga t ed  over 

t h e  pas t  t h r e e  decades i n  t h e  United S t a t e s  and Aus t ra l ia .  General ly ,  

t u r b i n e  blade e r o s i o n  and co r ros ion  l i m i t  t u r b i n e  hot  s e c t i o n  l i f e  t o  

unacceptably low l e v e l s .  D i rec t ly - f i r ing  pulver ized  c o a l  i n  a GTE 

would r e q u i r e  the  use of f l u e  gas  d e s u l f u r i z a t i o n  systems and some form 

of post-combustion WOx reduct ion.  In  v i e w  of t h e s e  f a c t o r s ,  d i r e c t l y  

f i r i n g  a GTE with pulver ized  coal i s  no t  considered f e a s i b l e  fo r  indus- 

t r i a l  cogenera t ion  app l i ca t ions .  

The i n d i r e c t l y - f i r e d  gas  t u r b i n e  systems have r e l a t i v e l y  h igh  c o s t s  of 

e l e c t r i c i t y  due t o  h igher  c a p i t a l  c o s t s  and lower energy use  e f f i c i e n c y  

than  t h e  d i r e c t l y - f i r e d  gas  t u r b i n e  systems. The h igh  temperature  h e a t  

exchanger r equ i r ed  i n  t h e  i n d i r e c t l y - f i r e d  systems l i m i t s  t h e  t u r b i n e  in- 

l e t  temperature so that engine e f f i c i e n c y  and s p e c i f i c  power are reduced. 

Thus, i n  a d d i t i o n  t o  t h e  c o s t  of t h e  i n d i r e c t l y - f i r e d  burner i t s e l f ,  t h e  

g a s  t u r b i n e  engine must b e  l a r g e r  f o r  a g iven  power output and, t h e r e f o r e ,  

more c o s t l y .  The energy l o s s e s  a s s o c i a t e d  with t h e  f urnace/high temper- 

ature h e a t  exchanger u n i t  reduce the  s y s t e m ' s  energy use e f f i c i e n c y ,  

f u r t h e r  i n c r e a s i n g  t h e  c o s t  of e l e c t r i c i t y .  
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Advanced Reciproca t ing  Engine Systems. The advanced r ec ip roca t ing  en- 

g ine  cogenera t ion  systems were a l l  found t o  have r e l a t i v e l y  h igh  c o s t s  

of e l e c t r i c i t y  due t o  t h e i r  h igher  capi ta l  c o s t  and l imi t ed  o v e r a l l  

e f f i c i e n c y  of energy use. The uncooled, ceramic r e c i p r o c a t i n g  engine 

does have a s i g n i f i c a n t  improvement over t he  convent ional  r ec ip roca t ing  

engine i n  t h a t  t h e  h e a t  a v a i l a b l e  from t h e  exhaust gas stream i s  sub- 

s t a n t i a l l y  increased .  Even wi th  t h i s  improvement, however, t h e  rec ipro-  

c a t i n g  engine  cogenera t ion  system s u f f e r s  from a comparatively h ighe r  

hea t  l o s s  which reduces i t s  o v e r a l l  e f f i c i e n c y  of energy usage. The 

c a p i t a l  c o s t  of t h e  advanced, uncooled, ceramic r ec ip roca t ing  engine 

cogenerat ion system i s  c o n j e c t u r a l  a t  t h i s  j unc tu re ,  bu t  was assumed 

t o  be t h a t  of t h e  convent iona l  engine f o r  t h e  purpose of c a l c u l a t i n g  a 

c o s t  of e l e c t r i c i t y .  The COE thus  ca l cu la t ed  f o r  a n  advanced, uncooled 

r ec ip roca t ing  engine i n  which c o a l  i s  d i r e c t l y  burned was found t o  be 

i n  the  higher  range. Considering t h a t  post-combustion f l u e  gas  c leanup 

would be r equ i r ed  a t  a n  a d d i t i o n a l  c a p i t a l  c o s t  t o  meet expected e m i s -  

s i o n s  requirements ,  t h e  uncooled, ceramic rec ip roca t ing  engine i s  not  

among t h e  systems of f i r s t  choice  f o r  i n d u s t r i a l  Cogeneration. However, 

i f  development of t h e  ceramic rec ip roca t ing  engine proceeds favorably ,  

t h i s  system should be re-examined f o r  i n d u s t r i a l  cogenera t ion  appl ica-  

t i o n s ,  p a r t i c u l a r l y  i n  the  d i r e c t l y  coal-f  i r e d  vers ion.  

S t i r l i n g  Engine Systems. S t i r l i n g  engine cogenera t ion  systems were found 

t o  have a h igh  c o s t  of e l e c t r i c i t y  even wi th  comparatively o p t i m i s t i c  

assumptions r ega rd ing  i t s  c a p i t a l  cos t .  The S t i r l i n g  engine cogenera t ion  

system i s  i n d i r e c t l y  f i r e d ,  as mandated by t h e  engine ' s  b a s i c  configura-  

t i o n ,  and s u f f e r s  t h e  e f f i c i e n c y  and c o s t  disadvantages a s s o c i a t e d  with 

the  i n d i r e c t - f i r i n g  of h e a t  engines .  S t i r l i n g  engines  i n  the  s i z e  range 
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range requi red  f o r  i n d u s t r i a l  cogenerat ion systems are p resen t ly  i n  the  

conceptual  design s t a g e  of development. I n  view of t h e  h igher  pro jec ted  

c a p i t a l  c o s t  of t h e  S t i r l i n g  engine system, p a r t i c u l a r l y  i n  the  s o l i d  

f u e l  burning ve r s ions ,  and i t s  e a r l y  s t a g e  of development i n  t h e  s i z e  

range requi red  f o r  i n d u s t r i a l  cogenera t ion  systems, i t  i s  no t  among 

the  p re fe r r ed  systems a t  t h e  p re sen t  t i m e .  However, t h e  t echno log ica l  

progress  of S t i r l i n g  engines  should be monitored; and,  as  i n  the  case 

of t h e  uncooled r e c i p r o c a t i n g  engine,  t h e  S t i r l i n g  engine should be 

re-examined f o r  i n d u s t r i a l  cogenerat ion a p p l i c a t i o n s  as  i t s  technology 

develops 

Fuel  C e l l  Systems. Fuel  c e l l  cogenera t ion  systems i n  t h e i r  mid-term 

state of development are pro jec ted  t o  have r e l a t i v e l y  h igh  c o s t s  of 

e l e c t r i c i t y .  However, w i th  the  advent of lower c a p i t a l  c o s t s  ach ievable  

through h igher  rates of product ion,  improved manufacturing techniques ,  

improvements i n  f u e l  c e l l  s t a c k  des ign  and the  use of lower c o s t  mater- 

i a l s ,  f u e l  ce l l s  could have COEs compet i t ive with t h e  b e t t e r  gas t u r -  

b ine  systems examined i n  t h i s  s tudy  and a t  h igher  o v e r a l l  energy use 

e f f i c i e n c i e s .  The lowest  c o s t  f u e l  c e l l  cogenerat ion system examined 

he re in  w a s  a far-term conf igu ra t ion  cons i s t ing  of a molten salt  f u e l  

c e l l  s t a c k  i n t e g r a t e d  with a n  air-blown g a s i f i e r .  The mid-term, but  

higher  cos t  system, cons i s t ed  of a phosphoric ac id  f u e l  c e l l  s t a c k  a g a i n  

i n t e g r a t e d  with a n  air-blown g a s i f i e r .  Due t o  t h e i r  h igh  o v e r a l l  e f f i -  

c iency  of  energy use  and low emissions,  f u e l  cel ls  are a n  a t t r a c t i v e  

energy conversion system f o r  i n d u s t r i a l  cogenera t ion  a p p l i c a t i o n s  . I f  

f u e l  ce l l  cogenerat ion system c a p i t a l  c o s t s  w e r e  compet i t ive,  they  would 

be t h e  p re fe r r ed  system i n  t h e  long term, assuming t h a t  favorable  pro- 

j e c t i o n s  of performance, d u r a b i l i t y ,  and r e l i a b i l i t y  are r e a l i z e d .  
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A l t e r n a t i v e  Energy Systems. Energy convers ion  systems f o r  u t i l i z i n g  t h e  

a l t e r n a t i v e  energy r e sources  -- biomass and/or r e f u s e ,  wind, geothermal, 

and s o l a r  -- have rece ived  cons iderable  a t t e n t i o n  over the p a s t  decade. 

Wind-powered cogenera t ion  systems are gene ra l ly  no t  f e a s i b l e  due t o  re- 

source  a v a i l a b i l i t y  and economic cons ide ra t ions .  Of t h e  a l t e r n a t i v e  

energy r e sources ,  on ly  biomass and r e f u s e  were found l i k e l y  t o  be u t i -  

l i z e d  i n  i n d u s t r i a l  cogenera t ion  a p p l i c a t i o n s  i n  t h e  near-term t o  mid- 

term t i m e  frame. The d i r e c t  combustion o r  g a s i f i c a t i o n  of biomass, 

r e fuse  o r  o t h e r  carbonaceous material w a s  presumed t o  be a n  o p t i o n  f o r  

t h e  f l u i d i z e d  bed combustors and t h e  s o l i d  f u e l  g a s i f i e r s  considered i n  

t h i s  study. Developmental work f o r  such f u e l  u t i l i z a t i o n  systems i s  re- 

q u i r e d ,  and t h e  d e l i n e a t i o n  of t h e  requi red  e f  f o r t  should be undertaken. 

Geothermal energy i s  u s u a l l y  a v a i l a b l e  as r e l a t i v e l y  low-temperature 

brine. The use  of  geothermal hea t  t o  genera te  e l e c t r i c i t y  by se rv ing  a s  

a hea t  source  f o r  a low-temperature Rankine cyc le  power p l an t  and by t h e  

d i r e c t  expansion of geothermal b r i n e s  are under a c t i v e  development. In  

gene ra l ,  t h e  temperature of geothermal b r ine  i s  too  low f o r  use i n  a n  

i n d u s t r i a l  cogenera t ion  sys tem.  A r e l a t i v e l y  - h o t  geothermal w e l l ,  a t  

270 t o  350°F, could d i r e c t l y  provide i n d u s t r i a l  process h e a t  but would 

not  be p r a c t i c a b l e  fo r  use as t h e  high-temperature hea t  source i n  a 

cogenera t ion  system. A l imi t ed  class of i n d u s t r i a l  p rocesses  could use 

t h e  hea t  t h a t  i s  r e j e c t e d  a t  150 t o  200°F €rom a geothermal power con- 

v e r s i o n  cyc le ,  bu t  a d e t a i l e d  examination of such l i m i t e d  p o s s i b i l i t i e s  

i s  o u t s i d e  t h e  scope of t h i s  study. 
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Sola r  energy cogenera t ion  systems based on point-focusing o r  line- 

focusing concen t r a to r s  could  be a t t r a c t i v e  i n  t h e  far-term, but c o s t  

reduct ions  in s o l a r  c o l l e c t o r  s y s t e m s  are requi red  t o  achieve  more 

gene ra l  economic f e a s i b i l i t y .  
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1.5 RECOMMENDATIONS FOR FURTHER WORK 

The mid-term op t ions  f o r  advanced i n d u s t r i a l  cogenerat ion inc lude  

two systems with c o s t s  of e l e c t r i c i t y  among t h e  lowest  found i n  t h i s  study. 

Both of t hese  advanced cogenera t ion  systems are based on d i r e c t l y - f i r e d  gas  

t u r b i n e  engines  wi th  h e a t  recovery b o i l e r s ,  which r ep resen t  p re sen t ly  a v a i l -  

a b l e  technology. The technologica l  advancement l i es  i n  the  mode of f u e l  

u t i l i z a t i o n  by t h e  d i r e c t l y - f i r e d  gas tu rb ine  engines. The lowest c o s t  s y s t e m  

f e a t u r e s  a pressur ized  f l u i d i z e d  bed combustor (PFBC) i n  which coa l  o r  o the r  

s u i t a b l e  s o l i d  f u e l  i s  burned. The second system, having a somewhat h ighe r  

c o s t  of e l e c t r i c i t y ,  f e a t u r e s  a pressur ized  air-blown g a s i f i e r  u n i t  a l s o  

capable  of handling c o a l  o r  o ther  s u i t a b l e  s o l i d  f u e l .  Both of t hese  advanced 

cogenerat ion sys t e m  op t ions  are capable  of low emissions of n i t rogen  and 

s u l f u r  oxides without post-combustion f l u e  gas t r e a t m e n t ;  however, t h e i r  

c a p a b i l i t y  t o  n e e t  extremely s t r i n g e n t  emissions s tandards  t h a t  are much more 

r e s t r i c t i v e  than  those  now i n  e f f e c t  without post-combustion t reatment  remains 

t o  be determined . 
Air-blown g a s i f i e r s  t h a t  ope ra t e  a t  8 to  10 atmospheres pressure  and 

t h a t  handle both c o a l  and o the r  s o l i d  f u e l s  would a l s o  be adaptab le  t o  t h e  

advanced cogenerat ion systems based on f u e l  cells. The fuel-cell-based 

systems a v a i l a b l e  i n  t h e  mid-term have f a i r l y  high c o s t s  of e l e c t r i c i t y ,  

but  fuel ce l l  cogenerat ion systems have the  p o t e n t i a l  f o r  s u b s t a n t i a l  c o s t  

reduct ion  i n  longer  term. 

The f ind ings  of t h i s  s tudy  as  synopsized above and as presented i n  

Sect ion 1.5, then ,  lead  t o  t h e  following recommendations fo r  f u r t h e r  work 

wi th  t h e  o b j e c t i v e  of g e n e r a l l y  increas ing  the  u t i l i z a t i o n  of i n d u s t r i a l  

cogenerat ion systems through technologica l  advancement : 
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(1) A d e t a i l e d  assessment of t he  a p p l i c a b i l i t y  of  pressur ized  f l u i d i z e d  
i 

bed combustors t o  gas  t u r b i n e  engines  i n  t h e  1 t o  15 megawatt 

range should be c a r r i e d  out .  Such a n  assessment would inc lude  an  

in-depth i n v e s t i g a t i o n  of a l t e r n a t i v e  PFBC des igns ,  t h e i r  c o s t s  

and performance, and t h e i r  s u i t a b i l i t y  f o r  i n t e g r a t i o n  wi th  t h e  

smaller gas t u r b i n e  engines.  

( 2 )  A p a r a l l e l  s tudy of air-blown g a s i f i e r s  opera t ing  a t  8 t o  12 atmos- 

pheres press&e should a l s o  be performed. In  gene ra l ,  g a s i f i c a -  

t i o n  technology i s  q u i t e  mature, and seve ra l  types of g a s i f i e r s  

are commercially ava i l ab le ;  but  i n t e g r a t i o n  of a pressur ized ,  

air-blown g a s i f i e r  w i th  gas  t u r b i n e  engines  i n  t h e  s i z e  range 

under cons ide ra t ion  here  i s  not  a developed technology. The 

recommended assessment of air-blown g a s i f i e r  technology f o r  ad- 

vanced i n d u s t r i a l  cogenera t ion  would focus on i d e n t i f y i n g  a des ign  

f o r  a high-eff ic iency,  pressur ized  u n i t  s u i t a b l e  f o r  i n t e g r a t i o n  

with gas t u r b i n e  engines  i n  t h e  1 t o  15 megawatt range. The s tudy  

should encompass unique methods of f u e l  s u l f u r  removal, inc luding  

i n - s i t u  s u l f u r  capture ,  perhaps i n  a f l u i d i z e d  bed o r  moving bed 

g a s i f i e r ;  and,  as with t h e  PFBC u n i t ,  f u e l  feeding and ash removal 

systems f o r  t h e  smaller u n i t s  should be  given p a r t i c u l a r  a t t e n t i o n  

i n  a search  f o r  innovat ive  improvements. 

(3 )  The s tudy  of pressur ized  air-blown g a s i f i e r s  should a l s o  cons ider  

the  i n t e g r a t i o n  of such u n i t s  with fuel-cell-based cogenerat ion 

systems. Fuel cells have much more s t r i n g e n t  requirements f o r  

f u e l  gas  composition than  do gas  t u r b i n e  engines ,  and the  e f f e c t s  

of s o l i d  f u e l  composition on gas cleanup and carbon monoxide/ 

hydrogen s h i f t  conversion must be considered. 
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( 4 )  An in-depth assessment of t h e  n i t rogen  oxide emissions cha rac t e r -  

ist ics of gas  t u r b i n e  engine combustion of low-Btu f u e l  gas should 

be performed. Recent r e p o r t s  i n  the open l i t e r a t u r e  i n d i c a t e  t h a t  

formation of n i t r o g e n  oxides  in low-Btu gas  combustion may be more 

p reva len t  than  expected. The s t a t u s  of low-Btu gas  combustion 

technology f o r  gas  t u r b i n e  engines  should be a s c e r t a i n e d  r e l a t i v e  

t o  emission s t anda rds  expected i n  t h e  Southern C a l i f o r n i a  area; 

and,  i f  r equ i r ed ,  a d d i t i o n a l  development work should be i n i t i a t e d .  

In  l i g h t  of t h e  r e s u l t s  of t he  above recommended work, t h e  f i n d i n g s  

of t h i s  s tudy should be re-examined. 

(5) 
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SECTION 2 

COGENERATION ENERGY USE AND COSTS 

2 .1  TYPES OF COGENERATION SYSTEMS 

Cogeneration i s  t h e  p r a c t i c e  of s imul taneous ly  providing thermo- 

dynamic work and u s e f u l  thermal energy from t h e  same f u e l  o r  hea t  source. The 

thermodynamic work output  of a cogenera t ion  system i s  u s u a l l y  s h a f t  power o r  

e l e c t r i c i t y ,  and thermal energy output  i s  u s u a l l y  steam o r  hot water a t  a 

temperature h igh  enough t o  be  used i n  a n  i n d u s t r i a l  p rocess  o r  o t h e r  appl ica-  

t ion .  Typica l ly ,  a cogene ra t ion  system feeds  steam and e l e c t r i c i t y  i n t o  a n  

i n d u s t r i a l  p l a n t ' s  d i s t r i b u t i o n  system f o r  use throughout t h e  plant.  Indus- 

t r i a l  process steam i s  t y p i c a l l y  genera ted  a t  p re s su res  ranging from 40 p s i a  

t o  150 ps i a .  Steam a t  near  atmospheric p re s su re  and hot  water g e n e r a l l y  

f i n d  l i t t l e  use i n  t y p i c a l  i n d u s t r i a l  p l a n t s ,  because low pressure  steam i s  

d i f f i c u l t  t o  d i s t r i b u t e  and the  h e a t  a v a i l a b l e  from low p res su re  steam, h o t  

water, o r  condensate i s  u s u a l l y  a t  too  low a temperature t o  provide process 

hea t .  Therefore ,  i n  t h i s  assessment u n l e s s  h e a t  from a cogenera t ion  system 

could be used i n  t h e  production of s a t u r a t e d  steam a t  267"F, i t  was n o t  

considered t o  be  a p a r t  of t h e  system's u s e f u l  thermal output.  

Cogeneration systems are g e n e r a l l y  ca t egor i zed  according t o  t h e  type  of 

energy convers ion  dev ice ,  i .e.,  p r i m e  mover, on which they  are based. The 

e l e c t r i c i t y  output  of a cogenera t ion  system i s  provided by t h e  prime mover, 

while t h e  source  of t h e  thermal output  depends on t h e  c o n f i g u r a t i o n  of t h e  

cogenera t ion  system. Cogeneration system op t ions  cons idered  i n  t h i s  s tudy  

were based on e i t h e r  h e a t  engines  o r  f u e l  cells. 
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In  the  cogenera t ion  systems based on h e a t  engines ,  t h e  energy source  f o r  

t he  production of e l e c t r i c i t y  and steam is t h e  combustion of a f i ie l -  A por- 

t i o n  of the  energy r e l eased  as hea t  by combustion i s  converted i n t o  electri- 

c i t y  by t h e  h e a t  engine. Of t h e  remaining po r t ion  of t h e  combustion energy, 

p a r t  i s  u t i l i z e d  t o  gene ra t e  steam and p a r t  i s  l o s t  through system i n e f f i c i e n -  

cies and i n  t h e  f l u e  gas. The heat-engine-based cogenera t ion  systems consi-  

dered i n  this  s tudy  conve r t  thermal energy i n t o  mechanical power t h a t  i s  used 

t o  d r i v e  a n  e lectr ical  genera tor .  The hea t  engines  considered he re in  a l l  

convert  hea t  i n t o  mechanical work by inc reas ing  the  temperature of a working 

f l u i d  t h a t  i s  confined a t  e l eva ted  pressure  wi th in  t h e  engine ,  then  al lowing 

t h e  working f l u i d  t o  produce mechanical work dur ing  a r e s t r a i n e d  expansion 

process  c a r r i e d  out  i n  a posit ive-displacement expander o r  a turb ine .  A l l  

h e a t  engines  c a r r y  t h e  working f l u i d  through a c y c l i c  sequence of thermo- 

dynamic. states i n  o r d e r  t o  convert  thermal energy i n t o  thermodynamic work and 

are, t h e r e f o r e ,  s u b j e c t  t o  the  Carnot l i m i t  f o r  a t t a i n a b l e  e f f i c i e n c y .  Heat 

engine energy conversion systems are gene ra l ly  c l a s s i f i e d  according t o  t h e  

type of thermodynamic c y c l e  on which they ope ra t e  and by the type of working 

f l u i d  used t o  execute  t h e  thermodynamic cycle .  In  a d d i t i o n ,  h e a t  engine sys- 

tems may be  e i t h e r  d i r e c t l y  f i r e d  o r  i n d i r e c t l y  f i r e d  and e i t h e r  open c y c l e  

o r  c losed  cycle .  

The d i s t i n c t i o n  between t h e  d i r e c t l y  and i n d i r e c t l y  f i r e d  hea t  engines  

lies i n  t h e  manner i n  which hea t  a d d i t i o n  t o  t h e  working f l u i d  i s  accomplished. 

In  t h e  d i r e c t l y  f i r e d  engines ,  t h e  combustion of the f u e l  i s  c a r r i e d  out  i n  

t h e  working f l u i d  i t s e l f ,  so t h e  products of combustion p a r t i a l l y  c o n s t i t u t e  

t h e  working f l u i d  as i t  undergoes expansion. The working f l u i d  i n  i n d i r e c t l y  

f i r e d  engines  r e c e i v e s  h e a t  through a high-temperature hea t  exchanger, so t h e  

products  of combustion and the  working f l u i d  are not  mingled. The high- 
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temperature  hea t  exchanger i n  i n d i r e c t l y  f i r e d  engines  must conf ine  t h e  work- 

i n g  f l u i d  a t  e l eva ted  p res su re ,  and the working f l u i d  w i l l  n e c e s s a r i l y  be a t  

a temperature less than  t h a t  of t he  combustion products  o r  o the r  hea t  source.  

High-temperature hea t  exchangers ope ra t ing  i n  a s t r e s s e d  cond i t ion  r ep resen t  

a n  a d d i t i o n a l  cos t  of i n d i r e c t l y  f i r e d  h e a t  engines.  

Heat engines  are f u r t h e r  d i s t i ngu i shed  by being e i t h e r  open-cycle o r  

closed-cycle.  In t h e  open-cycle machines, t h e  working f l u i d  i s  a i r  t h a t  i s  

inducted from t h e  sur roundings ,  c a r r i e d  through t h e  thermodynamic processes  

wi th in  t h e  engine,  t hen  exhausted t o  t h e  atmosphere. In c o n t r a s t ,  t h e  work- 

i n g  f l u i d  i n  t h e  closed-cycle  machines i s  t o t a l l y  confined within t h e  engine 

t o  repea ted ly  execute  the  thermodynamic cyc le .  The hea t  a d d i t i o n  and rejec- 

t i o n  processes f o r  t h e  closed-cycle hea t  engines  cons idered  h e r e i n  are c a r r i e d  

out by h e a t  exchangers. These closed-cycle engines  are,  t h e r e f o r e ,  i n d i r e c t l y  

f i r e d  and must a l s o  incorpora te  a low-temperature h e a t  exchanger through which 

t o  reject hea t .  

Cogeneration systems based on hea t  engine energy conversion systems may 

be of e i t h e r  t h e  topping cyc le  o r  bottoming cyc le  conf igura t ion .  In topping 

cyc le  cogenerat ion systems, t h e  hea t  source  provides  hea t  d i r e c t l y  t o  the  hea t  

engine,  while t h e  thermal output  f o r  use  i n  t h e  i n d u s t r i a l  p l a n t  i s  der ived  

from lower temperature  hea t  t h a t  i s  r e j e c t e d  from t h e  h e a t  engine a f t e r  t he  

work-producing process.  Actua l ly ,  t h e  hea t  r e j e c t e d  by c e r t a i n  h e a t  engine 

energy conversion systems i s  a t  a f a i r l y  h igh  temperature  -- about 800°F t o  

lOOO'F f o r  t h e  exhaust gas  streams of t h e  gas  t u r b i n e  engine and t h e  r ec ip ro -  

ca t ing  engine systems. In bottoming c y c l e  cogenera t ion  systems, t h e  indus- 

t r i a l  process  h e a t  i s  d i r e c t l y  provided by t h e  h igh  temperature  before  h e a t  

i s  suppl ied t o  t h e  h e a t  engine.  The h e a t  source  f o r  e l e c t r i c i t y  product ion 

in bottoming cyc le  systems i s  u s u a l l y  a f l u e  gas strean o r  process f l u i d  e x i t  
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stream a t  a temperature  much lower than  t h a t  of t h e  combustion h e a t  source  

of topping c y c l e  systems. Only t h e  Rankine cycle cogenera t ion  sys t ems  were 

considered i n  both topping cyc le  and bottoming cyc le  ve r s ions ,  as  shown i n  

Figures  3-1 and 3-2, r e spec t ive ly .  

The electrical conversion e f f i c i e n c y ,  i.e., t h e  r a t i o  of e lec t r ic i ty  

output  t o  system f u e l  energy inpu t ,  i s  h igher  f o r  topping cyc le  systems 

because the  hea t  engine o p e r a t e s  w i th  a higher  temperature  hea t  source ,  t h u s  

r e s u l t i n g  i n  g r e a t e r  u t i l i z a t i o n  of t h e  thermodynamic a v a i l a b i l i t y  of t h e  

fuel energy. A s  mentLoned i n  Sec t ion  1 .1 ,  t h e  o v e r a l l  e f f i c i e n c y  of energy 

use  of a cogenerat ion system, i.e., t h e  r a t i o  of t h e  sum of e lec t r ica l  and 

thermal energy o u t p u t s  t o  t he  f u e l  energy, i s  about t h e  same as  t h a t  of a 

convent ional  i n d u s t r i a l  b o i l e r  supplying only steam. Therefore ,  t he  addi-  

t i o n a l  c o s t  of a cogenera t ion  system i s  o f f s e t  by e l e c t r i c i t y  product ion 

and, perhaps,  by t h e  u t i l i z a t i o n  of a less expensive f u e l .  The importance 

of a cogenera t ion  system's electrical  conversion e f f i c i e n c y  and f u e l  type 

thus  becomes evident .  

The f u e l  cel ls  do not  make use of t h e  c y c l i c  thermo-mechanical energy 

conversion process as  do t h e  above-discussed h e a t  engines.  Ins tead ,  f u e l  

cells conver t  a f u e l  and an  o x i d i z e r  t o  electrical  power by means of a n  

e lec t rochemica l  r e a c t i o n  t h a t  takes place within t h e  f u e l  c e l l  elements. 

Fuel cells are d iscussed  i n  Sec t ion  4.2.5 of t h i s  r epor t .  The t h e o r e t i c a l  

e l e c t r i c i t y  output  of a t y p i c a l  e lec t rochemica l  f u e l  cel l  i s  i n  excess of 80% 

of t h e  f u e l  energy; however, thermodynamic i r r e v e r s i b i l i t i e s  a s soc ia t ed  wi th  

p r a c t i c a l  f u e l  c e l l  ope ra t ion  reduce t h e  electrical conversion e f f i c i e n c y  t o  

about 40% of the  f u e l  energy. Fuel cells do have a h igh  o v e r a l l  energy 

u t i l i z a t i o n  e f f i c i e n c y  because t h e  hea t  produced i n  t h e  c e l l  s t a c k  i s  recovered 

and i s  a v a i l a b l e  as u s e f u l  hea t  i n  a cogenerat ion system. 
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2.2 THE COST OF ELECTRICITY PRODUCED BY COGENERATION 

The c o s t  of e l e c t r i c i t y  produced by a cogenerat ion system, o r  any 

o t h e r  power p l a n t ,  may b e  taken as t h e  r a t i o  of t h e  n e t  annual c o s t  of owning 

and ope ra t ing  t h e  system t o  i t s  n e t  annual  electrical power output.  The c o s t  

of owning and opera t ing  a cogenerat ion system i s  made up of t he  f ixed  charges 

on t h e  c a p i t a l  investment ,  t h e  maintenance c o s t ,  and t h e  c o s t  of f u e l ;  a l l  of 

which are p a r t i a l l y  o f f s e t  by t h e  value of t he  thermal energy produced. 

The c o s t  of e l e c t r i c i t y ,  as def ined  above, may be expressed as: 

COE = ( C  + 11 + F - V ) / E  (1 

where C is  t h e  f i x e d  charge,  M i s  t h e  maintenance c o s t ,  F is t h e  f u e l  c o s t ,  V 

i s  the  value of h e a t  produced, a l l  i n  d o l l a r s  per yea r ;  and E i s  the  electri- 

c i t y  output  i n  kilowatt-hours pe r  year. In t h i s  s tudy ,  t h e  annual f i x e d  

charge was taken as 25% of t h e  c a p i t a l  cos t .  The c o s t  and performance para- 

meters of cogenerat ion systems may be introduced i n t o  Equation (1) through 

the  following express ions  : 

C = 114 

M = mE 

F = phE 

a nd 

V = pbLE 

where I i s  t h e  c a p i t a l  investment i n  d o l l a r s ,  m i s  the  maintenance cos t  f a c t o r  

i n  d o l l a r s  per  kilowatt-hour,  p i s  t h e  price of f u e l  i n  d o l l a r s  per Btu, h is  

the  hea t  rate of t h e  cogenerat ion s y s t e m  i n  Btu of f u e l  f i r e d  per  ki lowatt-  

hour of n e t  e lectr ic i ty  output ,  b i s  t h e  thermal output  of t h e  cogenerat ion 

system i n  pounds of steam p e r  kilowatt-hour of n e t  e l e c t r i c i t y  ou tpu t ,  and L 

i s  t h e  rate a t  which f u e l  i s  consumed i n  convent ional  i n d u s t r i a l  b o i l e r s  

expressed i n  Btu of fuel f i r e d  per  pound of steam generated.  
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Upon s u b s t i t u t i o n  of t h e  above express ions ,  Equation ( 1 )  becomes: 

COE = I/4E + m + ph + pbL (3) 

The annual e l e c t r i c i t y  output  E may b e  expressed i n  terms of t h e  e lectr i -  

c a l  power output  of t h e  cogenera t ion  system i n  k i lowa t t s  and t h e  number of 

hours per year t h a t  i t  opera tes .  For purposes of t h i s  s tudy ,  annual  averages  

of a l l  time-varying system performance parameters were used; t h e r e f o r e ,  E 

i s  expressed i n  terms of t h e  r a t e d  e lectr ical  power output  capac i ty  o f  t h e  

cogeneration system and t h e  equ iva len t  number of hours pe r  y e a r  that  i t  

ope ra t e s  a t  r a t e d  capac i ty .  The capac i ty  f a c t o r  i s  t h e  r a t i o  of t h e  actual 

annual e l ec t r i c i ty  output  E t o  t h a t  which would be obta ined  i f  t h e  s y s t e m  

cont inuous ly  opera ted  a t  r a t e d  capac i ty  f o r  an e n t i r e  year.  Hence, t h e  annual 

e l e c t r i c i t y  ou tpu t  may be expressed as: 

E = fRA ( 4 )  

where f i s  t h e  c a p a c i t y  f a c t o r ,  R is t h e  r a t e d  o r  maximum electrical  power 

output capac i ty  o f  t h e  cogenera t ion  sys t em i n  k i lowa t t s ,  and A i s  t h e  number 

of hours i n  a year ( taken  a s  8760). Upon i n t roduc ing  the express ion  above and 

rear ranging ,  Equation ( 3 )  becomes: 

COE = (I/R)/(4fA) + m + p(h - bL) (5 )  

where I / R  is  t h e  i n s t a l l e d  c a p i t a l  c o s t  of the cogenera t ion  s y s t e m  i n  d o l l a r s  

per  k i l o w a t t  of r a t e d  power ou tpu t ,  and the  o t h e r  parameters are as def ined  

above . 
The c o s t s  of e l e c t r i c i t y  f o r  the cogenera t ion  systems analyzed i n  t h i s  

study were a l l  c a l c u l a t e d  u s i n g  Equation (5). The c a p a c i t y  f a c t o r ,  f ,  was 

taken as 70% f o r  a l l  t h e  cogenera t ion  s y s t e m s  cons idered  i n  t h i s  s tudy ,  except  

f o r  t h e  s o l a r  cogenera t ion  system whose c a p a c i t y  f a c t o r  i s  32%. The hea t  

output of a l l  the cogenera t ion  systems considered i n  t h i s  s tudy  i s  in t h e  
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form of i n d u s t r i a l  process  steam t h a t  w a s  assumed t o  d i s p l a c e  steam gener- 

a t e d  i n  convent ional  b o i l e r s  a t  t h e  rate of 750 pounds per  m i l l i o n  Btu of 

f u e l  f i r e d .  Therefore ,  t h e  parameter L i s  taken a s  (106)/750 i n  Equation 

(5). The i n s t a l l e d  c a p i t a l  cos t  (I/R), t h e  h e a t  rate ( h ) ,  and the  thermal 

output  (b) were determined f o r  each  of t h e  cogenerat ion systems, as d iscussed  

i n  Sect ions 3 and 4 .  The p ro jec t ions  f o r  t h e  i n s t a l l e d  c a p i t a l  c o s t s  f o r  t he  

advanced cogenerat ion systems are d i r e c t  c o s t s  and do not  inc lude  i n t e r e s t  on 

funds during cons t ruc t ion ,  cont ingencies ,  and o the r  such i t e m s  t h a t  can s igni -  

f i c a n t l y  inc rease  t h e  c o s t  of acqu i r ing  and owning a cogenerat ion system. The 

c o s t s  of e l e c t r i c i t y  determined f o r  t he  p re sen t ly  a v a i l a b l e  and the  advanced 

cogenerat ion system op t ions  are only f o r  r e l a t i v e  comparisons and do not re- 

f l e c t  t h e  actual c o s t s  of cogenerated e l e c t r i c i t y .  
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SECTION 3 

PRESENTLY AVAILABLE COGENERATION S YST EYS 

Presen t ly  a v a i l a b l e  i n d u s t r i a l  cogenera t ion  sys t ems  may be based on 

t h e  Rankine topping c y c l e ,  the Rankine bottoming c y c l e ,  t h e  gas t u r b i n e  engine 

o r  t he  r ec ip roca t ing  engine. Each of t hese  four  cogenera t ion  system types  

provides e lec t r ic i ty  fo r  use  i n  t h e  p l a n t  o r  sale t o  t h e  u t i l i t y  and hea t  i n  

t h e  form of steam t h a t  i s  used i n  the i n d u s t r i a l  p rocesses  i n  the  p l an t .  

Generally,  a cogenera t ion  sys t em would feed steam and e l ec t r i c i ty  i n t o  an 

i n d u s t r i a l  p l a n t ' s  e x i s t i n g  d i s t r i b u t i o n  systems f o r  use throughout t h e  p l an t .  

A Rankine topping cycle cogenera t ion  s y s t e m  i s  shown i n  Figure 3-1. 

The sys tem c o n s i s t s  of a n a t u r a l  g a s l f u e l  o i l - f i r e d  steam b o i l e r  and a 

convent iona l ,  mul t i - s tage ,  a x i a l  flow steam t u r b i n e  whose exhaust d i r e c t l y  

s u p p l i e s  steam as 40 p s i a  s a t u r a t e d  vapor t o  t h e  i n d u s t r i a l  processes.  The 

b o i l e r  steam e x i t  cond i t ions  are  650 p s i a  and 750"F, which i s  t y p i c a l  of medium 

p res su re  i n d u s t r i a l  b o i l e r s .  The Rankine bottoming cyc le  s y s t e m  is  shown 

schemat ica l ly  i n  Figure 3-2. This s y s t e m  c o n s i s t s  of an i n d u s t r i a l  steam 

b o i l e r  whose f l u e  gas  provides  hea t  t o  d r i v e  a commercially a v a i l a b l e  organic  

Rankine c y c l e  (ORC) prime mover. An ORC pr ime mover i s  schemat ica l ly  

i l l u s t r a t e d  i n  F igure  3-3. The performance and c o s t s  f o r  t he  ORC system 

were der ived  from t h e  r e c e n t  work by Moynihan (Ref. 1). A convent iona l  gas 

t u r b i n e  engine  (GTE) cogenera t ion  system is  i l l u s t r a t e d  i n  Figure 3-4.  

This system c o n s i s t s  of a gas  t u r b i n e  engine whose exhaust hea t  i s  used t o  

gene ra t e  steam i n  a hea t  recovery b o i l e r  t h a t  s u p p l i e s  process steam as 40 

p s i a  s a t u r a t e d  vapor. And f i n a l l y ,  a convent iona l  r e c i p r o c a t i n g  engine 

cogenera t ion  system i s  shown i n  Figure 3-5. The r e c i p r o c a t i n g  engine 

exhaust gas stream is a t  a temperature h igh  enough t o  gene ra t e  steam as 

40 p s i a  s a t u r a t e d  vapor; however, t h e  hea t  from t h e  eng ine ' s  cool ing  s y s t e m  
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i s  not  a t  a temperature high enough t o  genera te  40 p s i a  steam, so i t  i s  un- 

a v a i l a b l e  f o r  use. 
\ 

The c h a r a c t e r i s t i c s  of t h e  four  types  of p re sen t ly  a v a i l a b l e  cogenerat ion 

systems are shown i n  Table 3-1. The c h a r a c t e r i s t i c s  are based on system 

parameters, s p e c i f i c a t i o n s ,  and equipment c o s t s  t h a t  were provided by manufac- 

t u r e r s  and vendors dur ing  t h e  course of t h e  work t h a t  i s  r epor t ed  i n  Reference 

2. The system performance was e s t ab l i shed  by thermodynamic ana lyses  based 

on t h e  system parameters and s p e c i f i c a t i o n s .  

The i n s t a l l e d  c a p i t a l  c o s t s  of t he  systems shown i n  Table 3-1 were 

der ived  from equipment c o s t s  provided by s u p p l i e r s  and manufacturers and from 

estimates of i n s t a l l a t i o n  cos t s .  The c o s t s  were developed f o r  s y s t e m s  

assembled from components t h a t  are c u r r e n t l y  a v a i l a b l e  from manufacturers and 

supp l i e r s .  The i n s t a l l e d  c o s t  shown i n  Table 3-1 i s  t h e  r a t i o  of t h e  d i r e c t  

c o s t  of t h e  i n s t a l l e d  system to  t h e  n e t  electrical  power output  of t h e  sys tem.  

With t h e  except ion  of t h e  Rankine bottoming cycle system, t h e  cap i ta l  cos t  

estimates inc lude  t h e  prime mover, t h e  e lec t r ica l  gene ra to r ,  t h e  steam b o i l e r  

and a n c i l l a r y  equipment. The c a p i t a l  cos t  estimate f o r  t he  Rankine bottoming 

cyc le  does not  inc lude  t h e  steam b o i l e r .  

The c o s t s  of e l e c t r i c i t y  shown i n  Table 3-1 were ca l cu la t ed  a t  f u e l  

c o s t s  of $5.00 and $7.50 p e r  m i l l i o n  Btu as c a l c u l a t e d  by t h e  method given 

i n  Sect ion 2 . 2  of t h i s  r epor t .  The Rankine topping cyc le  system and the  GTE 

system have c o s t s  of e l e c t r i c i t y  s i g n i f i c a n t l y  less than  t h a t  of t h e  reci- 

procat ing engine. A s  previous ly  s t a t e d ,  t h e  r ec ip roca t ing  engine does not  

lend i t s e l f  w e l l  t o  cogenera t ion  as considered he re in  because t h e  h e a t  l o s t  

t o  the  engine ' s  cool ing system is not  a v a i l a b l e  t o  raise steam. The high 

capi ta l  c o s t  of t h e  r e c i p r o c a t i n g  engine system a l s o  con t r ibu te s  t o  i t s  

r e l a t i v e l y  h igh  c o s t  of e l e c t r i c i t y .  A s  discussed i n  Sec t ion  4 . 2 . 3 ,  a n  
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a n  advanced ve r s ion  of t h e  r ec ip roca t ing  engine does not  s u f f e r  from t h e  l o s s  

of t h e  coo l ing  system heat .  The h ighes t  c o s t  of e l e c t r i c i t y  (COE) shown i n  

Table 3-1 i s  t h a t  of t h e  Rankine bottoming cycle .  The bottoming cyc le  system 

has  a h igh  c a p i t a l  c o s t  even though t h e  c o s t  of t h e  b o i l e r  was not  included. 

This  system s u f f e r s  from the  thermodynamic disadvantage discussed i n  Sec- 

t i o n  2. The e l e c t r i c i t y  c o s t s  and c h a r a c t e r i s t i c s  of t h e  p re sen t ly  a v a i l a b l e  

systems serve as  a b a s e l i n e  t o  which t h e  advanced cogenerat ion systems are  

compared. 
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SECTION 4 

ADVANCED COGENERATION SYSTEMS 

4.1 FLUIDIZED B E D  COMBUSTION 

F lu id i zed  bed combustion of a s o l i d  f u e l  such a s  coa l  i s  accom- 

p l i shed  by i n j e c t i n g  f u e l  p a r t i c l e s  i n t o  a non-combustible bed of g ranu la r  

material t h a t  i s  f l u i d i z e d  by a i r  blown upward from t h e  bottom of t h e  bed. 

F l u i d i z a t i o n  occurs  when t h e  gas  flow through t h e  bed i s  s u f f i c i e n t  t o  sus -  

pend t h e  p a r t i c l e s  of t h e  bed without e n t r a i n i n g  them i n  t h e  a i r  flow. A 

f l u i d i z e d  bed combustion chamber n a y  ope ra t e  a t  pressures  from one to  s e v e r a l  

atmospheres. The a i r  t h a t  f l u i d i z e s  t h e  g ranu la r  bed i s  fed from beneath 

through a porous d i s t r i b u t o r  p l a t e .  Atmospheric and pressur ized  f l u i d i z e d  

bed combustion sys t ems  are i l l u s t r a t e d  i n  F igures  4-1 and 4-5, r e spec t ive ly .  

Typical va lues  of a i r  flow v e l o c i t y  needed t o  achieve  f l u i d i z a t i o n  of bed 

par t ic les  range from 3 t o  8 f e e t  per  second. The f l u i d i z a t i o n  c h a r a c t e r i s -  

t ics  change with par t ic le  s i z e  and d e n s i t y  as  d iscussed  i n  Reference 3. 

The f l u i d i z e d  bed combustion of c o a l  is  u s u a l l y  c a r r i e d  out i n  a bed of 

l imestone o r  do lomi te  which acts as  a sorbent  f o r  t h e  s u l f u r  i n  t h e  coa l .  In 

t h e  latest  FBC des igns ,  i t  i s  expected t h a t  from 80% to  98% of t h e  s u l f u r  i n  

a h igh  s u l f u r  e a s t e r n  c o a l  can be r e t a i n e d  i n  t h e  bed as  c a l c i u m  s u l f a t e  when 

t h e  sorbent  i n  the  bed is a v a i l a b l e  a t  a calcium t o  s u l f u r  mole r a t i o  of 1.7 

t o  5.0, depending on t h e  des ign  of t h e  f lu id i zed  bed combustor. In any f l u i d -  

ized  bed combustion system, p rov i s ions  must be  made t o  i n j e c t  t he  sorbent  

which u s u a l l y  c o n s t i t u t e s  over 90% of t h e  material contained i n  t h e  bed, t o  

feed the  c o a l ,  and t o  remove t h e  spen t  bed material and coa l  ash. The ra te  

of hea t  removal from t h e  bed v i a  a i r -cooled  o r  water-cooled tubes  within t h e  

bed must b e  matched t o  the bed hea t  gene ra t ion  rate i n  o rde r  t o  achieve 
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s t a b l e  opera t ion .  The technology development of FBC combustion systems has  

been d i r e c t e d  toward achiev ing  economical, r e l i a b l e  ope ra t ion  while  m i n t a i n -  

ing low emissions of s u l f u r  and n i t rogen  oxides.  F lu id ized  bed steam b o i l e r s  

opera t ing  a t  a pressure  of near  one atmosphere and of up t o  200,000 l b  per  

hour of steam capac i ty  are i n  t h e  commercial demonstrat ion s t a g e  (Ref. 4 ) .  

Both atmospheric and pressur ized  f l u i d i z e d  bed des igns  are being devel- 

oped f o r  e lectr ic  u t i l i t y  a p p l i c a t i o n s  and could se rve  as t h e  b a s i s  f o r  

advanced i n d u s t r i a l  cogenerat ion systems. The atmospheric f l u i d i z e d  bed 

systems c o n s i s t  of a f l u i d i z e d  bed b o i l e r  and a steam t u r b i n e  power conver- 

s i o n  cyc le  t h a t  i s  v i r t u a l l y  i d e n t i c a l  t o  t h a t  of convent ional  Rankine c y c l e  

cogenerat ion systems. The pressur ized  f l u i d i z e d  bed system d i f f e r s  from t h e  

AFBC system i n  two major respects: ( 1 )  t h e  c o a l  i s  burned i n  the  f l u i d i z e d  

bed a t  e leva ted  pressure  and ( 2 )  the  pressur ized  f l u i d i z e d  bed combustor i s  

i n t e g r a t e d  with a gas  t u r b i n e  engine i n  which i t  rep laces  t h e  convent ional  

gas  t u r b i n e  combus t o r  

Atmospheric F lu id i zed  Bed Combustion. Atmospheric f l u i d i z e d  bed combus- 

t i o n  has been widely inves t iga t ed  i n  t h e  pas t  f i v e  t o  seven years.  The 

cumulative r e s u l t s  of t hese  i n v e s t i g a t i o n s  are reviewed i n  References 5 

through 9. The r e s u l t s  and f ind ings  of t hese  performance and economic inves-  

t i g a t i o n s  i n d i c a t e  t h a t  once-through AFBC u n i t s  have two major l i m i t a t i o n s .  

F i r s t ,  once-through beds r e q u i r e  t h a t  a h igh  r a t i o  of calcium sorbent  i n  

t h e  bed material t o  s u l f u r  i n  the  coa l  be maintained i n  order  t o  achieve  

90% s u l f u r  cap tu re  i n  c o a l  of from 3-5% s u l f u r  conten t .  Second, once-through 

AFBC beds have a comparatively low combustion e f f i c i e n c y  of 90 t o  95%; hence, 

secondary carbon burn-up has  been used t o  achieve acceptab le  o v e r a l l  f u e l  

u t i l i z a t i o n  e f f i c i ency .  The requirement f o r  calcium t o  s u l f u r  mole r a t i o s  
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of from three t o  f i v e  coupled wi th  poor combustion e f f i c i e n c y  impose s igni -  

f i c a n t  p e n a l t i e s  on t h e  once-through AFBC system (Ref, 8). An a l t e r n a t i v e  

AFBC des ign  o f f e r s  t h e  p o t e n t i a l  t o  r e so lve  t h e  problems of h igh  sorbent  

usage and low combustion e f f i c i e n c y  by r ecyc l ing  a l a r g e  amount of  bed mate- 

r i a l  that is  purposefu l ly  e l u t r i a t e d  from t h e  bed ( en t r a ined  i n  t h e  combustion 

product gas  stream leaving  t h e  f l u i d i z e d  bed). An AFBC u n i t  with provis ion  

f o r  r ecyc le  i s  shown i n  Figure 4-1. The e l u t r i a t e d  material c o n s i s t s  of 

c o a l  a sh ,  spent  sorbent ,  unburned c o a l  and unused sorbent .  The quan t i ty  

of e l u t r i a t e d  material depends on t h e  g a s  v e l o c i t y  a t  t h e  bed s u r f a c e  and on 

t h e  s i z e  d i s t r i b u t i o n  of t h e  bed material. AFBC des igns  t h a t  r ecyc le  up t o  

f i v e  t i m e s  t h e  mass f low o f  coa l  feed are under i n v e s t i g a t i o n  (Refs. 8, 9). 

Current i n v e s t i g a t i o n s  of atmospheric f l u i d i z e d  bed combustion f o r  u t i l i t y -  

s i zed  power p l a n t s  inc lude  t h e  c o n s t r u c t i o n  of a twenty-megawatt experimental  

AFBC f a c i l i t y  a t  a Tennessee Valley Author i ty  s i te  i n  Kentucky. This f a c i -  

l i t y  i s  designed t o  exper imenta l ly  i n v e s t i g a t e  the  performance of AFBC u n i t s  

with high recycle rates. The twenty-megawatt test f a c i l i t y  i s  expected t o  

provide necessary  informat ion  regarding coa l / l imes tone  feed system configura- 

t i o n ,  bo i le r - tube  material, bo i le r - tube  e ros ion ,  and r e c y c l e  rates fo r  b e s t  

sorbent  u t i 1  i z a  t i on .  

Pressur ized  F lu id i zed  Bed Combustion. The Combustion of c o a l  i n  a f l u i d -  

ized  bed that i s  maintained a t  a n  e l eva ted  pressure  r e s u l t s  i n  improved f lu id -  

ized  bed performance without  recyc l ing  o r  r e c i r c u l a t i o n  of e l u t r i a t e d  bed 

material. Re la t ive  t o  AFBC, ope ra t ion  a t  e l eva ted  pressure  improves s u l f  ur 

cap tu re ,  i n c r e a s e s  combustion e f f i c i e n c y ,  reduces  n i t rogen  oxides  emissions 

and reduces t h e  s i z e  of t h e  f l u i d i z e d  bed fo r  a given f i r i n g  rate. The 

r e s u l t s  of ex tens ive  development work on  PFBC u n i t s  and s t u d i e s  of systems 
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i nco rpora t ing  PFBC are repor ted  i n  References 10 through 21. These i n v e s t i -  

ga t ions  i n d i c a t e  t h a t  b e t t e r  t han  95% s u l f u r  c a p t u r e  a t  calciuih t o  s u l f u r  

mole r a t i o s  of about  2 : l  and combustion e f f i c i e n c i e s  i n  excess  of 99% can be 

obtained i n  a PFBC c e l l  a t  f l u i d  v e l o c i t i e s  t h a t  are low enough t o  minimize 

e l u t r i a t i o n  of bed material. 

The pressur ized  f l u i d i z e d  bed combustors being considered f o r  u t i l i t y  

power p l an t s  are cooled by tubes  immersed i n  the  f l u i d i z e d  bed. These in-bed 

tubes  c a r r y  e i t h e r  water and steam o r  a i r  as t h e  hea t  e x t r a c t i o n  f l u i d .  I n  

e i t h e r  water-cooled o r  a i r -cooled  PFBC u n i t s ,  t h e  high pressure combustion a i r  

i s  provided by a g a s  t u r b i n e  compressor. The combustion product g a s  from t h e  

PFBC u n i t  i s  cleaned of p a r t i c u l a t e  natter and expanded through a gas turb ine .  

The hea t  ex t r ac t ed  from t h e  in-bed tubes may b e  used as t h e  hea t  source f o r  a 

Rankine/steam t u r b i n e  c y c l e  i f  t h e  PFBC u n i t  i s  water-cooled. However, i f  

t h e  in-bed tubes are  a i r -cooled ,  t h e  gas  t u r b i n e  compressor s u p p l i e s  suf f i- 

c i e n t  a i r  both t o  suppor t  combustion and t o  coo l  t h e  tubes.  The hot  a i r  from 

t h e  in-bed tubes i s  mixed wi th  cleaned combustion gas ,  and the  r e s u l t i n g  ho t  

gas stream i s  expanded through a gas turb ine .  A s  i n  a convent iona l  gas t u r -  

b ine  cogenera t ion  system, h e a t  may then  be recovered from the  gas  t u r b i n e  

exhaust i n  a waste h e a t  b o i l e r  t o  genera te  steam. 
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4.2 ADVANCED SYSTEMS CONCEPTS, STATUS, AND CHARACTERIZATION 

4.2.1 Rankine Cycle Systems 

Topping Cycle Cogeneration Systems 

Technology S ta tus .  The use  of Rankine c y c l e  energy conversion 

systems i n  i n d u s t r i a l  p l a n t s  d a t e s  from t h e  era of t h e  i n d u s t r i a l  revolu t ion .  

The p r i n c i p a l  components i n  convent iona l  Rankine cyc le  systems are t h e  steam 

b o i l e r  and steam t u r b i n e ,  a s  d iscussed  i n  Sec t ion  3.1 .  Rankine c y c l e  techno- 

logy i s  q u i t e  mature and no t echno log ica l  advancements i n  steam genera tor  o r  

t u r b i n e  technology t h a t  would s u b s t a n t i a l l y  a f f e c t  t he  s y s t e m  performance o r  

c o s t s  have been i d e n t i f i e d .  However, i n  systems of i n d u s t r i a l  s i z e ,  t h e  

atmospheric f l u i d i z e d  bed b o i l e r  may of f e r  modest c o s t  advantages r e l a t i v e  

t o  s toke r  f i r e d  o r  pu lver ized  c o a l  f i r e d  b o i l e r s .  A t  more s t r i n g e n t  emnis- 

s i o n s  s tandards ,  any c o s t  advantage of t h e  AFBC (atmospheric f l u i d i z e d  bed 

combustion) b o i l e r  system could be l o s t ,  because l a r g e  q u a n t i t i e s  of e i t h e r  

so rben t  o r  supplementary f l u e  gas  d e s u l f u r i z a t i o n  may b e  requi red .  With 

regard  t o  t u r b i n e s ,  some manufacturers have o f fe red  r a d i a l  flow steam t u r -  

b ines  as a n  a l t e r n a t i v e  t o  the  commonly used a x i a l  f low machines. The r a d i a l  

flow u n i t s  may o f f e r  advantages i n  performance when compared t o  t h e  small, 

s imple impulse t u r b i n e s  commonly used f o r  low power mechanical d r i v e s  i n  

i n d u s t r i a l  p l a n t s ,  a l though a t  some i n c r e a s e  i n  i n i t i a l  cos t .  However, t h e  

mult i -s tage axial f low t u r b i n e s  c u r r e n t l y  used f o r  cogenera t ion  a p p l i c a t i o n s  

i n  t h e  s i z e  range of from one t o  t e n  megawatts ou tput  have c o s t  and perfor-  

mance c h a r a c t e r i s t i c s  that are n o t  l i k e l y  t o  be b e t t e r e d  by o t h e r  types  of 

expanders. A t  s i z e s  g r e a t e r  t han  about t e n  megawatts, convent ional  a x i a l  

f low t u r b i n e s  are c l e a r l y  supe r io r .  
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Advanced System C h a r a c t e r i s t i c s .  The .advanced technology Rankine 

topping c y c l e  cogenera t ion  system c o n s i s t s  of a n  atmospheric f l u i d i z e d  bed 

combustion (AFBC) steam b o i l e r  and a convent ional ,  ax ia l - f low steam t u r b i n e  

whose exhaust d i r e c t l y  s u p p l i e s  steam f o r  t h e  i n d u s t r i a l  processes.  An AFBC 

steam b o i l e r  is shown schemat ica l ly  i n  Figure 4-1, and a Rankine topping cyc le  

cogenera t ion  system was previously shown i n  Figure 3-1. Figure  4-2 shows a 

t y p i c a l  i n d u s t r i a l  AFBC b o i l e r  i n s t a l l a t i o n  i n  g r e a t e r  d e t a i l  . The system 

c h a r a c t e r i s t i c s  f o r  t h e  AFBC Rankine cyc le  cogenera t ion  system are shown i n  

Table 4-1 along with  a convent ional ,  s toker- type,  coa l - f i r ed  system and t h e  

convent ional  o i l / g a s f i r e d  system. The performance c h a r a c t e r i s t i c s  of t h e  

Rankine topping cyc le  cogenera t ion  systems shown i n  Table 4-1 were esta- 

b l i shed  by means of a thermodynamic a n a l y s i s  of t h e  Rankine cycle .  The system 

parameters are based on the  s p e c i f i c a t i o n s  f o r  c u r r e n t l y  a v a i l a b l e  commercial 

equipment as provided by manufacturers and as given i n  t h e  open l i t e r a t u r e .  

The system parameters and the  r e su l t s  of t h i s  a n a l y s e s  are presented i n  Table 

4-2 f o r  the o i l / g a s - f i r e d  b o i l e r .  The b o i l e r  e f f i c i e n c y  was increased  t o  80% 

f o r  both of t h e  coa l - f i r ed  u n i t s ,  which g i v e s  a s l i g h t  improvement i n  system 

h e a t  rate f o r  t h e  s toke r - f i r ed  s y s t e m  of Table 4-1. The AFBC s y s t e m  a l s o  

ope ra t e s  a t  a b o i l e r  e f f i c i e n c y  o f  80%, but the  parasitic power of t h e  forced  

d r a f t  fan  that s u p p l i e s  a i r  t o  t h e  f l u i d i z e d  bed causes  t h e  system hea t  rate 

f o r  t he  AFBC u n i t  t o  i nc rease  t o  35,320 Btu/kW-h. 

All t h r e e  of t h e  Rankine cyc le  cogenerat ion systems have a comparatively 

h i g h  thermal output  of 21 t o  2 3  l b  of steam per  kW-h. This c h a r a c t e r i s t i c  of 

Rankine cyc le  systems i s  a consequence of t h e  thermodynamic ope ra t ion  of t h e  

system. The t u r b i n e  work output  i s  l imi t ed  by t h e  r e l a t i v e l y  low temperature  

of 750'F a t  which t h e  working f l u i d  e n t e r s  t h e  t u r b i n e  and by t h e  t u r b i n e  
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TO FLUE GAS TREATMENT - 
F I N E S  
R E I N J E C T I O N  

STEAM TO GAS HEAT 
EXCHANGER TUBES 

SPENT BED PIATERIAL 

r F L U I D I Z E D  BED 

STEAM GENERATOR 
TUBE BUNDLE 

RIBUTOR PLATE 

A I R  FEED 

COAL AND 
ONE FEED 

F igure  4-1. A S c h e m a t i c  I l l u s t r a t i a n  of an A t m o s p h e r e  
F lu id ized  B e d  S t e a m  B o i l e r  for R a n k i n e  
Topping C y c l e  C o g e n e r a t i o n  S y s t e m s  
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Table 4.-2. Rankine Topping Cycle Cogeneration System Parameters 

Boi le r  s i z e  l b / h  80,000 

Bo i l e r  ex i t  steam temperature,  O F  

Boi le r  steam pres su re ,  psis 

Condensate r e t u r n  f r a c t i o n  

Condensate temperature,  O F  

Make-up water temperature,  OF 

Boi le r  feedwater temperature, OF 

Enthalpy i n c r e a s e  of steam a c r o s s  b o i l e r ,  Btu/h 

Boi le r  e f f i c i e n c y  , % 

Fuel energy inpu t  t o  b o i l e r ,  lo6 Btu/h 

Steam t u r b i n e  e f f i c i e n c y ,  % 

Turbine exhaust pressure ,  p s i a  

I s e n t r o p i c  en tha lpy  drop a c r o s s  t u r b i n e ,  B t d l b  

Turbine power ou tpu t ,  kW 

Water pump e f f i c i e n c y ,  % 

Pumping power, kW 

Gearbox e f f i c i e n c y  , % 

Generator e f f i c i e n c y ,  % 

N e t  electrical power ou tpu t ,  kWe 

Steam t o  p l an t  processes : 

Pressure,  p s i a  

Temperature, O F  

Qual i ty ,  % 

Enthalpy, Btu/lb 

750 

650 

0.90 

18  5 

90 

175 

1,229 

75  

131 

65 

40 

2 64 

4,020 

70  

60 

98.5 

95 

3,760 

4 0  

26 7 

100 

1,170 
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back-pressure of 40 p s i a ;  hence, t h e  t u r b i n e  e x t r a c t s  o n l y  a small f r a c t i o n  

of t h e  energy of t h e  b o i l e r  e x i t  steam. The t u r b i n e  exhaust steam is provided 

d i r e c t l y  t o  t h e  i n d u s t r i a l  process  where the  g r e a t e r  p o r t i o n  of t h e  energy 

from the  combustion of t h e  f u e l  i s  made a v a i l a b l e  f o r  use. Consequently, t h e  

o v e r a l l  e f f i c i e n c y  of  energy u t i l i z a t i o n  f o r  Rankine c y c l e  systems i s  reason- 

ab ly  h igh  d e s p i t e  t h e  low power output .  

The c a p i t a l  c o s t s  of t he  coa l - f i red  systems g iven  i n  Table 4-1 are s t r i k -  

i n g l y  higher  than  f o r  t h e  o i l / g a s - f i r e d  system. This c o s t  d i f f e r e n c e  i s  due 

s o l e l y  t o  t h e  much h igher  c o s t  of coa l - f i r ed  b o i l e r s  and t h e i r  subsystems. 

The c o s t  estimates of Table 4-1 are  based on the  informat ion  g iven  i n  Refer- 

ences  2 and 22. Reference 22 i s  a c o s t  s tudy  of o i l ,  gas, and coa l - f i red  

i n d u s t r i a l  s i z e  steam b o i l e r s  and t h e i r  suppor t ing  systems. The s tudy pre-  

s e u t s  a d i r e c t  comparison of t he  c o s t s  of t h r e e  types of coa l  burning b o i l e r s  

-- s toke r - f i r ed ,  pu lver ized  c o a l - f i r e d ,  and AFBC -- with o i l  burning and gas  

burning b o i l e r s .  According t o  Reference 22, t h e  c o s t s  of AFBC and s toker-  

f i r e d  b o i l e r s  with t h e i r  f l u e  gas t reatment  systems,  but  not inc luding  a n c i l -  

l a r y  equipment and f a c i l i t i e s ,  are a f a c t o r  of four  t o  f i v e  t i m e s  t h e  c o s t  

of a n  o i l / g a s - f i r e d  b o i l e r  of t h e  same steam genera t ion  capaci ty .  The capi -  

t a l  c o s t s  f o r  AFBC and s toker - f i red  b o i l e r s  f o r  Rankine c y c l e  cogenera t ion  

systems were obta ined  by a p p r o p r i a t e l y  s c a l i n g  t h e  b o i l e r  c o s t s  of Reference 

22 t o  account €or  d i f f e r e n c e s  i n  f i r i n g  rate, then  combining the  b o i l e r  c o s t  

wi th  t h a t  of t h e  tu rb ine /gene ra to r  and t h e  balance of t h e  p l an t  given i n  

Reference 2. The Rankine c y c l e  cogenera t ion  system c o s t s  t hus  developed 

show t h e  r e l a t i v e  c o s t  d i f f e r e n c e s  between t h e  o i l l g a s - f i r e d ,  s toke r - f i r ed ,  

and AFBC u n i t s .  The i n s t a l l e d  b o i l e r  c o s t s  f o r  o i l / gas - f i r ed  u n i t s  i n  Refer- 

ences  2 and 22 agree  favorably.  Hence, t h e  c a p i t a l  c o s t s  of Table 4-1 a l s o  
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r e f l e c t  t h e  c o s t  of Rankine c y c l e  systems r e l a t i v e  t o  t h e  b a s e l i n e  s y s t e m s  

whose c o s t s  were der ived  from Reference 2. 

The c o s t s  of e l e c t r i c i t y  f o r  t h e  Rankine c y c l e  cogenera t ion  systems are 

shown i n  Table 4-3.  The coa l - f i red  systems have c o s t s  of e l e c t r i c i t y  i n  t h e  

h igher  range a t  76 t o  82 m i l l s  per  kilowatt-hour f o r  f u e l  cos t ing  $1.25 t o  

$2.50 per m i l l i o n  Btu. The convent iona l  o i l / g a s - f i r e d  system provides  lower 

c o s t  e l e c t r i c i t y  than  the  coa l - f i red  systems u n t i l  t he  c o s t  of o i l / g a s  exceeds 

$7.50 per m i l l i o n  Btu. The coa l - f i r ed  systems s u f f e r  from t h e  h igh  c o s t  of 

convent ional  coa l  burning equipment. 
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4.2.2 Gas Turbine Systems 

Technology S ta tus .  The gas  t u r b i n e  engine (GTE) is  a s teady  f low 

machine i n  which hea t  i s  converted t o  mechanical power by compression of t he  

working f l u i d  t o  an  e l eva ted  pressure ,  h e a t  a d d i t i o n  a t  cons t an t  pressure ,  

and r e s t r a i n e d  expansion of t h e  hot  working f l u i d  t o  produce mechanical power. 

Current  g a s  t u r b i n e  engines  r e l y  on aerodynamic compressors and t u r b i n e s  of 

r a d i a l  f low o r  ax ia l  f low des ign  ope ra t ing  a t  pressure  r a t i o s  from 4: l  t o  

about 20:1, depending on the  s i z e  of t he  engine and i t s  app l i ca t ion .  In  t h e  

post World War I1 era ,  t h e  gas t u rb ine  engine has  been the  f o c a l  point  of 

technologica l  development f o r  a i r c r a f t  propulsion. The huge investments  of 

p r i v a t e  and government c a p i t a l  i n  gas t u r b i n e  engine development have r e s u l -  

t ed  i n  power p l a n t s  t h a t  u t i l i z e  advanced engineer ing technology and mate- 

r ia l s ,  e.g., supe ra l loys  and coa t ings .  Modern gas t u r b i n e  engines  can 

opera te  wi th  tu rb ine  i n l e t  temperatures of from 1800°F t o  2100°F, enabled 

by high-temperature materials i n  conjunct ion  with air -cooled t u r b i n e  vanes 

and blades,  and u s u a l l y  f e a t u r e  mult i -s tage a x i a l  f low compressors and tur -  

bines. A t y p i c a l  a i r c r a f t - d e r i v e d  i n d u s t r i a l  GTE i s  shown i n  Figure 4-3 with 

component materials designated.  G a s  t u r b i n e  engines  have t h e  p o t e n t i a l  f o r  

extremely h igh  l e v e l s  of power output  per u n i t  of engine weight,  t y p i c a l l y  

about 0.2 t o  0.4 l b  per s h a f t  horsepower f o r  a i r c r a f t  t u rbosha f t  engines.  

Severa l  gas  t u r b i n e  manufacturers of f e r  modified a i r c r a f t  engines  f o r  indus- 

t r i a l  app l i ca t ions .  Other manufacturers use  h e a v i e r ,  convent ional  c a s t i n g s  

f o r  t h e  engine cases and housings i f  t h e  t u r b i n e  i s  f o r  s t a t i o n a r y  i n d u s t r i a l  

use where increased  weight i s  of no consequence. Gas t u r b i n e  engines  spec i -  

f i c a l l y  designed f o r  a v a r i e t y  of t r a n s p o r t a t i o n  and s t a t i o n a r y  a p p l i c a t i o n s  

are of fered  by manufacturers i n  t h e  United . S t a t e s ,  Europe , and Japan. 
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Gas t u r b i n e  engines  (GTEs) are w e l l  s u i t e d  f o r  i n d u s t r i a l  cogenera- 

t i o n  systems because v i r t u a l l y  a l l  of t h e  engine ' s  waste hea t  i s  a v a i l a b l e  

from a s i n g l e  source  (i.e., t h e  exhaust gas stream) and the  engine i s  adapt- 

a b l e  t o  d i f f e r e n t  types  of combustion systems o r  h i g h - t q p e r a t u r e  h e a t  

sources.  In a d d i t i o n ,  t h e  h e a t  l o s s e s  from open-cycle, i n t e r n a l  combustion 

gas t u r b i n e  engines  a r e  s m a l l  because they  are compact and have a h igh  gas  

throughput. The simple,  compact c o n f i g u r a t i o n  of t h e  GTE r e s u l t s  i n  t h e  

working f l u i d  being exposed t o  a r e l a t i v e l y  small s u r f a c e  area through which 

hea t  l o s s e s  can occur. The exhaust g a s  stream from a GTE is  t y p i c a l l y  a t  

900'F t o  l O O O ' F  which allows f o r  economical hea t  recovery fo r  i n d u s t r i a l  

steam genera t ion  a t  normal steam temperatures.  The high-temperature h e a t  

a d d i t i o n  process i n  t h e  GTE i s  p h y s i c a l l y  d i s t i n c t  and separa ted  from t h e  

compression and expansion processes.  This f e a t u r e ,  i n  conjunct ion  wi th  t h e  

s teady  flow of t h e  working f l u i d  through t h e  engine ,  p e r m i t s  a v a r i e t y  of 

high-temperature hea t  sources  t o  be  adapted t o  t h e  gas  t u r b i n e  engine. 

Conventional gas t u r b i n e  engines  are d i r e c t l y - f i r e d ,  i n t e r n a l  combustion 

engines  i n  which l i q u i d  o r  gaseous f u e l  is i n j e c t e d  i n t o  compressor d i scha rge  

a i r  and burned i n  a r e l a t i v e l y  compact combustion chamber. About 2 0  t o  25% 

of the  oxygen i n  t h e  compressor d ischarge  a i r  i s  consumed i n  combustion wi th  

a t y p i c a l  l i q u i d  hydrocarbon f u e l .  The combustion chamber i n  a i r c r a f t  en- 

g i n e s  i s  q u i t e  compact, usually ar ranged  i n  a n  annular  conf igu ra t ion  around 

t h e  GTE's "waist .*' I f  designed fo r  s t a t i o n a r y  a p p l i c a t i o n s ,  t h e  combustion 

chamber can be completely removed from t h e  engine ,  and compressor d i scha rge  

a i r  can be supp l i ed  t o  the combustor v i a  ductwork. The hot combustion pro- 

d u c t s  must then be  ducted t o  t h e  t u r b i n e  s e c t i o n  of the engine ,  w i t h  the 

accmpanying hea t  and pressure  l o s s e s  i n  t h e  ducting. The s e p a r a t e  combus- 

t i o n  chamber i n  t h i s  arrangement can be  rep laced  by a hea t  exchanger t o  hea t  
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t h e  compressor d i scha rge  a i r .  The hea t  exchanger may b e  a n  i n t e g r a l  p a r t  of 

a furnace  i n  which a v a r i e t y  of f u e l s  can be f i r e d .  Such a conf igu ra t ion  i s  

r e f e r r e d  t o  as a n  i n d i r e c t l y - f i r e d  gas  t u r b i n e  engine. 

Gas t u r b i n e  engines  may a l s o  be operated as c losed  c y c l e  machines wherein 

t h e  working f l u i d  i s  r e c i r c u l a t e d  through the  engine,  which i s  equipped wi th  

hea t  exchangers f o r  hea t  a d d i t i o n  and r e j e c t i o n .  However, t h e r e  i s  l i t t l e  t o  

recommend the  closed-cycle GTE f o r  cogenera t ion  a p p l i c a t i o n s .  They of f e r  no 

i d e n t i f i a b l e  performance advantages over open c y c l e  machines and are no t  

commercially a v a i l a b l e  a t  present ,  I n  o rde r  t o  have e f f i c i e n c i e s  comparable 

t o  open c y c l e  machines, t h e  working f l u i d  would have t o  be cooled t o  near  

ambient temperature i n  t h e  hea t  r e j e c t i o n  process. This would r e q u i r e  a 

l a r g e  low temperature h e a t  exchanger i n  a d d i t i o n  t o  t h e  hea t  recovery b o i l e r  

of t h e  p re sen t  cogenera t ion  sys tem.  The a d d i t i o n a l  c o s t  and complexity are 

not  o f f s e t  by an  accompanying performance improvement. Therefore ,  c losed  

c y c l e  (XES are not  considered f u r t h e r  i n  t h i s  study. 

Advanced Cogeneration Systems. Gas t u r b i n e  engine cogenera t ion  sys- 

t e m s  were analyzed i n  two d i r e c t - f i r e d  , internal-combustion conf igu ra t ions  

and i n  two i n d i r e c  t l y - f i r ed  conf igu ra t ions .  The advanced cogeneration systems 

make use of p r e s e n t l y  a v a i l a b l e  g a s  t u r b i n e  engines  and hea t  recovery systems. 

The technology advancements l i e  only  i n  t h e  method of f u e l  u t i l i z a t i o n  by t h e  

g a s  t u r b i n e  engine. The c o s t s  and performance c h a r a c t e r i s t i c s  of t hese  fou r  

cogenera t ion  systems are shown i n  Table 4-4, along with those  of t h e  conven- 

t i o n a l  gas  t u r b i n e  cogenera t ion  system. The performance and c o s t s  f o r  t h e  

gas  t u r b i n e  eng ine lgene ra to r  and t h e  hea t  recovery b o i l e r  were based on t h e  

informat ion  g iven  i n  Reference 2 and on d e t a i l e d  informat ion  provided by 

equipment manufacturers. Energy balances were employed t o  e s t a b l i s h  t h e  
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performance of each cogenera t ion  system. The performance c h a r a c t e r i s t i c s  

of a t y p i c a l  i n d u s t r i a l  gas  t u r b i n e  engine with a normal pressure  r a t i o  of 

9 : l  and continuous t u r b i n e  i n l e t  temperature of 1800'F were adopted f o r  t he  

convent ional  gas  t u r b i n e  cogenera t ion  system and were used t o  e s t a b l i s h  t h e  

effects of reduced t u r b i n e  i n l e t  temperature  on engine e f f i c i e n c y  and power 

output.  These e f f e c t s  were v e r i f i e d  by s t r a igh t fo rward  thermodynamic analy- 

ses of t h e  gas  t u r b i n e  cyc les .  The e f f e c t s  of increased  p res su re  l o s s  i n  

t h e  combustor o r  high-temperature h e a t  exchanger and of compressor d ischarge  

f low d i v e r s i o n  f o r  t h e  c o a l  g a s i f i e r  a i r  supply were determined by thermo- 

dynamic ana lyses  of t h e  gas  t u r b i n e  c y c l e  according t o  t h e  uethod of Refer- 

ence 23. 

A d i r e c t l y - f i r e d  gas  t u r b i n e  cogenera t ion  system wi th  an  i n t e g r a t e d  coa l  

g a s i f i e r  i s  shown i n  Figure 4-4. About one - f i f th  of t h e  GTE compressor d i s -  

charge a i r  i s  d ive r t ed  t o  the  c o a l  g a s i f i e r  where i t  reacts wi th  c o a l  and 

water/steam t o  produce low-Btu c o a l  gas. The c o a l  gas i s  processed t o  remove 

p a r t i c u l a t e s  and contaminates,  p r imar i ly  s u l f u r ,  and is  then  burned i n  t h e  

GTE combustion chamber. The c o a l  g a s i f i e r  i s  pos tu la ted  t o  ope ra t e  a t  com- 

p res so r  d i scharge  pressure.  Considering t h e  p re s su re  l o s s e s  through t h e  

g a s i f i e r  and gas-cleaning system, a s l i g h t  reboos t  of f u e l  gas pressure ,  re- 

qu i r ing  l i t t l e  power, would be necessary p r i o r  t o  the  coa l  gas  en te r ing  i n t o  

t h e  combustor ( t h e  reboos t  compressor i s  not shown i n  Figure 4-4). The d iver -  

s i o n  of one - f i f th  t o  one-fourth of t h e  compressor d ischarge  a i r  flow i n t o  t h e  

g a s i f i e r  and t h e  subsequent coo l ing  of t h e  g a s i f i e r  products t o  near  ambient 

temperature  cause the  g a s  t u r b i n e  engine ' s  brake e f f i c i e n c y  t o  be reduced 

t o  92% of t h e  nominal value.  This  l o s s ,  i n  conjunct ion  with t h e  c o a l  gas i -  

f i e r  e f f i c i e n c y  of 772, r e s u l t s  i n  a c o a l  feed t o  e lec t r ic i ty  h e a t  ra te  f o r  

4-19 



W 
3 
Gl 
Fr 

\ E  / 
S E  o a ,  

J 
4 
3 

U 
I 

U 

aJ 
r 
7 
M 
.rl 
k4 

4-20 



t h e  system of 18,200 Btu/kW-h. The cogenerat ion s y s t e m  thermal output  i s  

increased  r e l a t i v e  t o  t h e  convent iona l  GTE cogenera t ion  system because 11% 

of the  coa l  feed energy i s  recoverable  from t h e  c o a l  g a s i f i e r  as u s e f u l  

h e a t ,  which, i n  a d d i t i o n  t o  t h e  h e a t  recoverable  from t h e  GTE exhaus t ,  g i v e s  

t h e  thermal output  of 8.23 lb/kW-h shown i n  Table 4-4. Coal g a s i f i c a t i o n  

gas t u r b i n e  systems are d iscussed  i n  References 24 through 30. 

A gas  t u r b i n e  cogenera t ion  system t h a t  i nco rpora t e s  a pressur ized  f l u i d -  

ized  bed combustor i s  shown i n  Figure 4-5. In  t h i s  system about 30% of t h e  

compressor d ischarge  a i r  f low suppor t s  c o a l  combustion i n  t h e  f l u i d i z e d  bed 

while t h e  remaining compressor d ischarge  a i r  removes h e a t  from t h e  bed a s  i t  

flows through the  hea t  exchanger tubes  immersed i n  t h e  f l u i d i z e d  bed. The 

in-bed hea t  exchanger tubes  ope ra t e  a t  a very low stress l e v e l  because t h e  gas 

p re s su re  i n s i d e  the  tubes  and t h a t  i n  the  f l u i d i z e d  bed are v i r t u a l l y  equal .  

The combustion product gas  stream from t h e  PFBC u n i t  i s  then cleaned of .par t i -  

c u l a t e s ,  mixed with the  heated a i r  from t h e  in-bed tubes,  and expanded through 

t h e  turb ine .  The PFBC bed temperature  must be l i m i t e d  t o  1550°F t o  1750°F 

t o  ensure s u l f u r  cap tu re  and to  c o n t r o l  f u s i o n  and agglomeration of bed mate- 

r ia l .  A t u r b i n e  i n l e t  temperature  of 1650°F was assumed t o  be a v a i l a b l e  from 

t h e  PFBC u n i t .  The r educ t ion  i n  t u r b i n e  i n l e t  temperature  from t h e  normal 

va lue  of 1800°F causes  both engine e f f i c i e n c y  and power output  t o  f a l l .  A 

s l i g h t  a d d i t i o n a l  pena l ty  r e s u l t s  from t h e  somewhat h igher  p re s su re  l o s s  of 

t h e  PFBC uni t .  The o v e r a l l  degrada t ion  of t h e  c o a l  feed  t o  e l e c t r i c i t y  con- 

ve r s ion  e f f i c i e n c y  r e s u l t s  i n  a h e a t  rate f o r  t h e  PFBC/gas t u r b i n e  cogener- 

a t i o n  system t h a t  i s  12% higher  than  f o r  t h e  convent iona l  system. The the r -  

m a l  output f o r  t h e  PPBC system i s  6.72 lb/kW-h, t h e  inc rease  r e l a t i v e  t o  t h e  

convent ional  GTE system being due t o  t h e  h igher  hea t  rate of t h e  PFBC/GTE 

system. PFBC/GTE systems are d iscussed  i n  References 31 through 36. 
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Ind i r ec t ly - f i r ed  gas  t u r b i n e  engine cogenerat ion s y s t e m s  are shown i n  

Figures  4-6 and 4-7. The system of Figure 4-6 c o n s i s t s  of a convent ional  

gas  tu rb ine  engine and an atmospheric f l u i d i z e d  bed combustion (AFBC) fur-  

nace/heat  exchanger serv ing  as  t h e  high-temperature hea t  source. The com- 

pressor  d i scharge  a i r  is  heated t o  1550°F as i t  flows through the  AFBC h e a t  

exchanger tubes  without contac t ing  o r  mixing with combustion products. The 

hea t  exchanger tubes  i n  t h i s  sys t em opera te  a t  a stress l e v e l  determined by 

t h e  pressure  d i f f e r e n c e  ac ross  t h e  tube  w a l l  s i n c e  t h e  furnace ope ra t e s  a t  

near  atmospheric pressure  and the  h e a t  exchanger tubes  conta in  compressor 

d ischarge  a i r  a t  100 t o  200 ps ia .  The temperature of 1550°F i s  determined by 

the  long-term high-temperature s t r e n g t h  and d u r a b i l i t y  of hea t  exchanger 

materials. The decrease i n  t u r b i n e  i n l e t  temperature from t h e  normal va lue  

of 1800'F t o  1550°F pena l i zes  both engine hea t  ra te  and power output ;  t h e  

engine hea t  rate i n c r e a s e s  by about 17% and power output  f a l l s  by about 37%. 

An a d d i t i o n a l  s m a l l  l o s s  i n  engine performance r e s u l t s  froin the  increased 

pressure  l o s s  of t h e  high-temperature hea t  exchanger tubes.  The o v e r a l l  f u e l  

input  t o  e lec t r ic i ty  output  e f f i c i e n c y  i s  f u r t h e r  reduced by the  hea t  l o s s e s  

of i n d i r e c t  f i r i n g .  The furnace /hea t  exchanger e f f i c i e n c y  was assumed t o  be 

85%, which i s  somewhat h igher  than c u r r e n t  va lues  f o r  u n i t s  i n  the  s i z e  range 

considered here.  The furnace /hea t  exchanger l o s s  i s  p a r t i c u l a r l y  s i g n i f i c a n t  

because i t  inc reases  the  system h e a t  rate and s imultaneously reduces thermal 

output.  The AFBC/GT/HRB system performance, cons ider ing  t h e  reduct ion  i n  

tu rb ine  i n l e t  temperature  and the  h e a t  l o s s  of i n d i r e c t  f i r i n g ,  i s  shown i n  

Table 4.2.2-1. AFBCIGT systems are discussed i n  References 37 through 42. 

The second i n d i r e c t l y - f i r e d  gas  t u r b i n e  engine system i s  shown i n  Figure 

4-7. This  gas tu rb ine / f  urnace arrangement,  r e f e r r e d  t o  as t h e  GTE-Blown 

4-2 3 



I 

4-24 



1 

ec; 
0 

3 w 
c3 
E 

I 

r- 
I 

4-25 



Furnace/Boiler,  i s  d iscussed  i n  References 43 and 44. The compressor d i s -  

charge a i r  i n  t h i s  system i s  i n d i r e c t l y  heated t o  1550°F as  before ;  however, 

t h e  s i m i l a r i t y  of t he  two i n d i r e c t l y - f i r e d  systems ends here.  I n  t h e  GTE- 

Blown Furnace/Boiler cogenerat ion system, t h e  t u r b i n e  exhaust a i r  i s  ducted 

t o  the furnace,  where i t  suppor ts  combustion a t  an  excess  a i r  l e v e l  of 15% to  

20%. The hea t  t o  d r i v e  t h e  gas t u r b i n e  is  ex t r ac t ed  from the  furnace  products 

i n  the hea t  exchanger, then  t h e  combustion products  pass  through a h e a t  re- 

covery b o i l e r  t o  genera te  steam. The a i r  flow through t h e  gas  t u r b i n e  engine 

w i l l  support  a combustion f i r i n g  rate of three t o  four  t i m e s  t h a t  of t h e  

i n d i r e c t l y  f i r e d  system of Figure 4-6. Consequently, t h e  hea t  a v a i l a b l e  f o r  

steam product ion i n  t h e  hea t  recovery b o i l e r  i s  much higher  than  i n  systems 

i n  which t h e  f i r i n g  rate i s  set t o  match t h e  hea t  i npu t  requirement of t h e  

gas  tu rb ine  engine. Due t o  the  high f i r i n g  rate i n  the furnace ,  t h e  f u e l  t o  

e l e c t r i c i t y  h e a t  rate f o r  t h e  system i s  high a t  67,600 Btu/kW-h, even though 

the  gas  t u r b i n e  engine i t s e l f  i s  opera t ing  a t  the  same e f f i c i e n c y  as i n  the  

AFBC/GTE/HRB system. The a d d i t i o n a l  energy made a v a i l a b l e  by f i r i n g  beyond 

t h a t  rate requi red  t o  supply h e a t  f o r  t he  GTE i s  recovered f o r  steam genera- 

t i o n  i n  the  HRB. Consequently, t h e  s y s t e m ' s  thermal output  of 46.9 lb/kW-h 

i s  cons iderably  h igher  than  that of t h e  o t h e r  CFllE cogenerat ion systems. The 

temperature of t h e  combustion products i s  c o n t r o l l e d  by r ecyc l ing  a l a r g e  

f r a c t i o n  of t he  f l u e  gas. Flue gas  r ecyc le  i s  common i n d u s t r i a l  p r a c t i c e  i n  

c e r t a i n  opera t ions ,  e.g., moderate temperature k i l n  drying. I n  t h i s  system, 

the  gas  mixture  en te r ing  t h e  GTE a i r  hea te r  must be tempered t o  1750OF. 

The c a p i t a l  c o s t  estimates shown i n  Table 4-4 are based on t h e  i n f o r -  

mation of Reference 2 f o r  t h e  bas i c  GIIE/HRB module and on t h e  information 

of References 22, 68, 69, 71 and 72 f o r  t h e  combustor and g a s i f i e r ,  i r e r ,  
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f u e l  u t i l i z a t i o n  un i t s .  This  in format ion  was corroborated by t h e  r e s u l t s  of 

a n  a n a l y s i s  of t h e  c o s t s  given. i n  Reference 10. Cost estimates f o r  t h e  f u e l  

u t i l i z a t i o n  u n i t s  were formulated by s c a l i n g  the  c o s t s  g iven  i n  References 

22, 69, 71 and 72 t o  account f o r  d i f f e r e n t  f u e l  f i r i n g  rates and then  adjus- 

t i n g  t h e  c o s t  of t h e  f u e l  u t i l i z a t i o n  u n i t s  t o  c o n s i s t e n t l y  r e f l e c t  t h e  

r e l a t i v e  d i f f e r e n c e s  among t h e  u n i t s  i n  phys i ca l  s i z e  and l ayou t ,  materials 

of cons t ruc t ion ,  and t h e  type and number of processes  c a r r i e d  out  i n  t h e  

uni t s .  Based on t h e  e l e c t r i c i t y  output  of t h e  p a r t i c u l a r  gas t u r b i n e  cogen- 

e r a t i o n  sys t em incorpora t ing  a given f u e l  u t i l i z a t i o n  u n i t ,  t h e  c o s t s  t hus  

obtained were: $410/kW f o r  t h e  air-blown c o a l  g a s i f i e r ,  $250/kW f o r  t h e  

PFBC combustion u n i t ,  $560/kW f o r  t h e  AFBC combustion u n i t ,  and $840/kW f o r  

t h e  furnace /hea t  exchanger/boi ler  u n i t  of t h e  second i n d i r e c t l y - f i r e d  sys t em.  

These c o s t s  are d i s t o r t e d  because they on ly  r e f l e c t  t he  cogenera t ion  system's 

e l e c t r i c i t y  output  and do not  account f o r  t h e  thermal  output.  Viewed i n  t h i s  

manner, t h e  c a p i t a l  c o s t  i n  $/kW f o r  a cogenerat ion s y s t e m  would approach in-  

f i n i t y  as t h e  r a t i o  of electrical  t o  thermal output  approaches zero. However, 

i n  c a l c u l a t i n g  the  c o s t  of e l e c t r i c i t y ,  a l l  of t he  cogenera t ion  system's 

c h a r a c t e r i s t i c s  are normalized t o  t h e  b a s i s  of e l e c t r i c i t y  output ;  t h u s ,  t h e  

thermal output  and capi ta l  c o s t  are proper ly  considered.  The c o s t s  of elec- 

t r i c i t y  are shown i n  Table 4-5 f o r  t h e  four  advanced gas  t u r b i n e  cogenera t ion  

systems and f o r  t h e  convent ional  system. The coa l  g a s i f i e r  and the  PFBC sys- 

tems have t h e  lowest  c o s t s  of e l e c t r i c i t y  (COE) of t h e  advanced systems. A t  

a fuel c o s t  of $1.25 t o  $2.50 pe r  m i l l i o n  Btu, t h e  c o a l  g a s i f i e r  and PFBC 

sys t ems  have a COE t h a t  i s  compet i t ive  with t h a t  of t h e  convent ional  GTE a t  

a f u e l  c o s t  of $5.00 t o  $7.50 per  m i l l i o n  Btu's. The two i n d i r e c t l y  f i r e d  

GTE systems have h igh  c o s t s  of e l e c t r i c i t y  due t o  t h e  i n e f f i c i e n c y  and e x t r a  

c o s t  of i n d i r e c t l y  f i r e d  systems. 
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4.2.3 Reciproca t ing  Engine Systems 

Technology S ta tus .  Advanced high-temperature materials t h a t  w i l l  

ope ra t e  i n  a more r igo rous  s t ress - tempera ture  regime than  convent iona l  metals 

and a l l o y s  have been under development €or  more than  two decades. The suc -  

c e s s f u l  development and u t i l i z a t i o n  of such  materials would open new poss ib i -  

l i t i e s  i n  t h e  des ign  of r e c i p r o c a t i n g ,  internal-combustion engines.  The 

work t o  d a t e  on t h e  use  of high-temperature components f o r  r e c i p r o c a t i n g  

engines  has  been c a r r i e d  out  only f o r  t r u c k  engines  wi th  medium-sized cy l in-  

ders .  The approach taken h e r e i n  i s  t o  review t h e  a p p l i c a b l e  work on such  

engines  and then t o  estimate by means of s i m i l a r i t y  p r i n c i p l e s  t h e  impacts  

of high-temperature components on t h e  performance c h a r a c t e r i s t i c s  of l a r g e r  

engines  more s u i t a b l e  f o r  cogenera t ion  app l i ca t ions .  

The use  of high-temperature components i n  d i e s e l  engines  does no t ,  p e r  

se, br ing about any inc rease  i n  t h e  thermal e f f i c i e n c y  of t h e  bas i c  . d i e s e l  

cycle .  A s  d i scussed  by Taylor (Ref. 45) and Moore (Ref. 46 ) ,  t h e  thermal  

e f f i c i e n c y  of t h e  i d e a l  d i e s e l  o r  l imi t ed  p res su re  c y c l e  depends only  on the  

compression r a t i o  and t h e  schedule  of hea t  a d d i t i o n ,  i .e.,  combustion. There- 

f o r e ,  any inc rease  i n  e f f i c i e n c y  as a r e s u l t  of high-temperature components 

must occur through t h e  r educ t ion  of cy l inde r  h e a t  l o s ses .  I f  such reduc- 

t i o n s  are made during t h e  compression and expansion processes ,  t h e  eng ine ' s  

thermal e f f i c i e n c y  could  be increased.  The a c t u a l  hea t  l o s s  f o r  smaller 

cy l inde r s  dur ing  these  c y c l e  phases has  been es t imated  a t  7% to  12% of t h e  

f u e l  energy, according t o  experimental  information given i n  Reference 43. 

Thus, wi th  a thermal e f f i c i e n c y  of say 35%, t h e  inc rease  i n  engine e f f i c i e n c y  

r e s u l t i n g  from t o t a l  e l imina t ion  of h e a t  l o s s e s  would be from two t o  four  

p o i n t s  of thermal e f f i c i e n c y .  In  l a r g e  engines ,  t h e  h e a t  l o s s  per  u n i t  of 
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cy l inde r  volume may be  smaller, as  ind ica t ed  by t h e  ana lyses  of References 

45 and 46. Therefore ,  any i n c r e a s e  of engine brake thermal e f f i c i e n c y  

would be even smaller. A reduct ion  of hea t  l o s s e s  dur ing  t h e  exhaust  process  

would inc rease  t h e  amount and t h e  temperature of t h e  h e a t  a v a i l a b l e  from t h e  

engine ' s  exhaust gas. Hence, t h e  prospec ts  f o r  t h e  use of bottoming c y c l e s  

o r  waste hea t  u t i l i z a t i o n  i n  a cogenerat ion system would be increased .  

These p o s s i b i l i t i e s  are embodied i n  the  concept of t h e  "uncooled o r  adiaba- 

t i c  engine." The terms "uncooled" o r  "ad iaba t i c "  i n d i c a t e  only t h a t  t he  use  

of high-temperature materials permi ts  ope ra t ion  without a means of a c t i v e  

cool ing  and with i n s u l a t i o n  t o  reduce hea t  l o s ses .  

The reduct ion  of h e a t  l o s s e s  through t h e  use of advanced materials and 

improved design has  been the  s u b j e c t  of r e sea rch  by t h e  Cumins Engine Company 

under sponsorship of t h e  U. S. Army Tank-Automotive Research and Development 

Command (References 47 ,  48 ,  and 49) .  This work has  been conducted fo r  t ruck-  

s i zed  engines  with c y l i n d e r s  of 5 1/2 inches  bore  and 6 inches s t roke  whose 

t y p i c a l  c h a r a c t e r i s t i c s  are shown i n  Table 4-6. Cummins has concluded t h a t  

t h e  most important  components t o  i n s u l a t e  are t h e  p i s t o n ,  cy l inde r  l i n e r ,  

cy l inde r  head, va lves ,  exhaust p o r t s ,  and exhaust  manifold. These components 

could be in su la t ed  by using a material t h a t  has  low thermal conduct iv i ty  and 

high-temperature d u r a b i l i t y .  Unfortunately,  many i n s u l a t i n g  materials have 

poor s t r e n g t h  a t  high temperatures ,  e.g., l i t h i u m  alumina silicates. Cummins 

has found t h a t  a good combination of i n s u l a t i o n  and d u r a b i l i t y  can  be achiev- 

ed with s i l i c o n  n i t r i d e  engine components when surface-roughened metal shims 

are stacked and i n s e r t e d  a t  va r ious  l o c a t i o n s  along t h e  head and block 

t o  reduce thermal conductance. The use of zirconium ceramics f o r  engine 

components is  being a c t i v e l y  i n v e s t i g a t e d  with promising r e s u l t s  thus  f a r  
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(Ref. 50). Measurements on i n s u l a t e d  engines  with ceramic components have 

shown an  i n c r e a s e  i n  exhaust gas temperature from 1150'F t o  1450'F. 

Kamo and Bryzik (Ref. 47)  have a n a l y t i c a l l y  i n v e s t i g a t e d  t h e  performance 

of a l t e r n a t i v e  conf igu ra t ions  of d i e s e l  engines ,  i nc lud ing  n a t u r a l l y  a s p i r a -  

t e d ,  turbo-charged, turbo-compounded, and Rankine bottomed ve r s ions  of bo th  

conventional and uncooled engines. These a n a l y t i c a l  i n v e s t i g a t i o n s  have been 

supported by experimental  work wi th  uncooled engines;  t hus ,  t h e  comparative 

and a b s o l u t e  va lues  for  nominal engine e f f i c i e n c i e s  are cons idered  t o  be v a l i d  

f o r  the  des ign  parameters employed, e.g., c y l i n d e r s  of about 6 x 6 in. ,  bore 

x s t roke .  A por t ion  of t h e  r e s u l t s  g iven  in Reference 47 are presented i n  

Table 4-6. These r e s u l t s  show t h a t  o n l y  minor g a i n s  i n  brake e f f i c i e n c y  are 

t h e  d i r e c t  r e s u l t  of uncooled/insulated engine ope ra t ion ,  but the a d d i t i o n a l  

exhaust g a s  energy can  be recovered by turbo-compounding , by inco rpora t ing  a 

Rankine bottoming cyc le  o r  by cogeneration. The o v e r a l l  brake e f f i c i e n c y  f o r  

d i f f e r e n t  engine conf igu ra t ions  i s  g i v e n  i n  Table 4-6. 

The parameters and energy balances fo r  four s i z e s  of engine c y l i n d e r s  

ranging from 143 t o  82,740 cubic inches  p e r  cy l inde r  are shown i n  Table 4-7. 

The remarkable s i m i l a r i t y  among t h e  energy balances f o r  t h e s e  c y l i n d e r s  shows 

how l i t t l e  t h e  bas i c  c y c l e  thermodynamic parameters change wi th  c y l i n d e r  s i ze .  

However, t h e  exhaust gas  temperature of t h e  l a r g e  two-stroke c y l i n d e r s  i s  

notab ly  lower than that of t h e  four -s t roke  cy l inde r s .  The two-stroke cy l in -  

d e r s  are uniflow-scavenged as  d iscussed  i n  References 51, 52 and 54. The 

two-stroke scavenging process r e q u i r e s  t h a t  a l a r g e  amount of a i r  be  blown 

l o n g i t u d i n a l l y  through the cy l inde r  from bottom t o  top  i n  o rde r  t o  expel1  

the expanded combustion products. Considerable mixing of t h e  combustion 

products with i n l e t  a i r  occurs  with t h e  concomitant r educ t ion  of t h e  average 

temperature of t h e  c y l i n d e r  exhaust gas as measured i n  t h e  exhaust manifold. 
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Due t o  the  cy l inde r  scavenging method that i s  used f o r  t h e  l a r g e  two- 

s t r o k e  engines ,  t h e  use  of uncooled cy l inde r  p a r t s  would have a s u b s t a n t i a l l y  

smaller e f f e c t  on t h e i r  exhaust g a s  temperature.  Thus, t h e  p o t e n t i a l  f o r  

recovering exhaust gas energy f o r  cogenera t ion  would be correspondingly less. 

However, s i g n i f i c a n t  economic b e n e f i t s  may b e  a v a i l a b l e  i f  ceramic materials 

are appl ied  t o  inc rease  t h e  d u r a b i l i t y  of p i s t o n  crowns, exhaust va lves ,  and 

f u e l  i n j e c t o r s ,  among o the r  parts, e s p e c i a l l y  when burning f u e l s  conta in ing  

co r ros ive  agents.  

The l a r g e r  four-s t roke engine cy l inde r s  could show about t h e  same e f f i -  

c iency  c h a r a c t e r i s t i c s  as are shown i n  Table 4-7 f o r  smaller cy l inde r s  i f  

c e r t a i n  changes i n  engine des ign  are made t o  f u l l y  e x p l o i t  t he  a n t i c i p a t e d  

high-temperature d u r a b i l i t y  of ceramic p a r t s .  In p a r t i c u l a r ,  exhaust va lve  

and p i s t o n  crown temperatures  are now con t ro l l ed  through an  extended va lve  

overlap period that occurs  near  t h e  p i s t o n ' s  top c e n t e r  p o s i t i o n  between 

the  exhaust and in t ake  s t rokes .  During t h i s  va lve  over lap  per iod ,  i n l e t  a i r  

i s  blown through t h e  combustion chamber t o  coo l  t h e  p i s t o n  crown and exhaust  

valves.  This  cool ing a i r  d i l u t e s  t h e  cy l inde r  exhaust gas  and lowers t h e  

average gas  temperature i n  t h e  exhaust manifold i n  a manner similar t o ,  bu t  

not  t o  the  e x t e n t  o f ,  t h e  scavenging air  of t he  two-stroke engine.  The cool- 

ing  of hot  upper cy l inde r  p a r t s  would not  be necessary with ceramic high- 

temperature materials; hence, t h e  va lve  over lap  per iod could be changed t o  

reduce t h e  amount of exhaust gas  d i l u t i o n .  Such a change could be imple- 

mented in t h e  four-s t roke c y c l e  because cy l inde r  scavenging t o  expel1  exhaust 

gas i s  accomplished by a complete upward s t r o k e  of t h e  p is ton .  In c o n t r a s t  

t o  the l a r g e r  four-s t roke c ly inde r s ,  smaller four-stroke c y l i n d e r s  have an 

advantage of scale i n  t h a t  t h e  exhaust valves  and p i s t o n  crowns have s h o r t e r  
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conduct ive hea t  f low paths.  Thus, t h e  extended a i r  f low period i s  not  re- 

qu i r ed  f o r  cooling. The c h a r a . c t e r i s t i c s  of t h e  advanced uncooled engine of 

Table 4-7 were developed f o r  c y l i n d e r s  of about  6 inches  x 6 inches ,  bore x 

s t roke .  These c h a r a c t e r i s t i c s  could apply t o  t h e  l a r g e r  c y l i n d e r s  i f  t h e  

increased  d u r a b i l i t y  of ceramic p a r t s  were exp lo i t ed  i n  order  t o  provide the 

inc rease  i n  exhaust gas  temperature  t h a t  i s  a v a i l a b l e  from t h e  uncooled 

engine.  The uncooled ope ra t ion  of medium t o  l a r g e  fours t roke  c y c l e  d i e s e l  

engines  could give an inc rease  i n  exhaust  gas temperature from t y p i c a l  va lues  

of 850-1100°F t o  1200-1500°F. 

The Direct Combustion of Coal i n  Diesel Engines. The concept of 

burning c o a l  d i r e c t l y  i n  r e c i p r o c a t i n g ,  compression-ignition, i n t e r n a l -  

combustion engines  d a t e s  back t o t h e  e a r l y  experiments of Rudolf Diesel (circa 

1892). Diesel's ear ly  work revea led  problems t h a t  remain unresolved i n  

developing an  accep tab le  f u e l  metering and d e l i v e r y  system, i n  achieving 

acceptab le  combustion c h a r a c t e r i s t i c s ,  and i n  avoiding excess ive  c y l i n d e r  

wear when coa l  i s  burned d i r e c t l y  i n  internal-combustion engine cy l inde r s .  

Subsequent work i n  Germany from t h e  e a r l y  1900s through World War 11 f a i l e d  

t o  reso lve  these  d i f f i c u l t i e s .  Consequently, l i t t l e  a t t e n t i o n  h a s  been 

given t o  c o a l  burning engines  i n  t h e  post  World War I1 era u n t i l  r e c e n t  work 

sponsored by t h e  U. S. Department of Energy. In  t h i s  work, mixtures  of c o a l  

and f u e l  o i l  are being burned i n  very  l a r g e ,  low-speed, marine-type d i e s e l  

engines.  Even i f  t hese  tests show t h a t  f u e l  o i l  mixed wi th  nominal amounts 

of c o a l  can be burned i n  such engines ,  t h e  r ami f i ca t ions  i n  terms of expanded 

use of coa l  are extremely l i m i t e d  due t o  the  very narrow and s p e c i a l i z e d  

a p p l i c a t i o n s  f o r  which t h e s e  l a r g e ,  low-speed engines  are s u i t e d .  I n  o r d e r  

f o r c om pr e s s i o n- i g  n i t i o  n , i n te r n a l  -c om bus t i o n  eng i n e  s t o  r ea1 i ze t h e  bene f i t s 
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of burning inexpensive f u e l  f o r  cogenera t ion ,  t h e  fundamental problems t h a t  

now preclude burning c o a l  d i r e c t l y  must be resolved. 

In view of t h e  l a c k  of success  of pas t  work i n  addressing the  above 

mentioned problems of f u e l  d e l i v e r y ,  combustion rate,  and c y l i n d e r  wear , a 

new approach t o  the  d i r e c t  use of c o a l  i n  compression i g n i t i o n  engines  i s  i n  

order .  Past  work c a r r i e d  out a t  t h e  Jet Propulsion Laboratory has shown t h a t  

coa l  can be extruded as a p l a s t i c  medium when sub jec t  to  the proper cond i t ions  

of shear  deformation, pressure ,  and e l eva ted  temperature.  The c o a l  e x t r u s i o n  

process  might be  u t i l i z e d  t o  d i r e c t l y  i n j e c t  p l a s t i c i z e d  coa l  i n t o  the  cy l inde r  

of a compression i g n i t i o n  engine. The combustion rate of t h e  extruded c o a l  

might be increased  through t h e  blending of a p p r o p r i a t e  a d d i t i v e s  during the  

f u e l  d e l i v e r y  and i n j e c t i o n  processes.  The i n j e c t i o n  of c o a l  i n  the  p l a s t i c  

i n t o  the  engine cy l inde r  might a l s o  provide a means t o  c o n t r o l  the  d i s p e r s i o n  

of t h e  .ash-plume within t h e  c y l i n d e r ,  thereby reducing t h e  amount of a s h  

reaching t h e  c y l i n d e r  w a l l  t o  prevent  excess ive  wear. Addit ives  t h a t  modify 

t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  c o a l  a s h  might a l s o  be used as a means of 

reducing ash-induced cy l inde r  wear due t o  abras ion .  And with t h e  advent  of 

d r y  l u b r i c a n t s  f o r  ceramic p i s tons  and cy l inde r  w a l l s ,  ash-induced wear might 

be reduced t o  accep tab le  l eve l s .  

Coal Gas-Fired Engines. Reciprocat ing engines  may be  f i r e d  wi th  

gaseous f u e l  t h a t  i s  inducted i n t o  t h e  c y l i n d e r  as a f u e l / a i r  mixture and 

i g n i t e d  a t  the  proper i n s t a n t  wi th  a n  electrical spark  as  i n  a convent ional  

Otto cyc le  engine. Combustion may, i n  some engines ,  be i n i t i a t e d  with a 

p i l o t  spray of f u e l  o i l  which i g n i t e s  as i n  a compression i g n i t i o n  engine.  

Usually,  t h e  a u t o - i g n i t i o n ,  temperature  of gaseous f u e l s  i s  above t h a t  of a 
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f u e l  o i l  spray ,  so  p i l o t  spray i g n i t i o n  i s  f e a s i b l e  i n  engines  wi th  t h e  

proper compression r a t i o .  Gasf i red  engines  are p resen t ly  i n  widespread 

commercial use. 

Coal gas  from an  air-blown g a s i f i e r  has  a hea t ing  value of about 125 Btu 

p e r  s tandard  cubic  foo t  (SCF), which i s  low i n  comparison t o  n a t u r a l  gas with 

a t y p i c a l  hea t ing  value of about 1000 Btu per  SCF. However, t h e  hea t  release 

per u n i t  volume of a s t o i c h i o m e t r i c ,  i .e.,  chemical ly  c o r r e c t ,  f u e l  a i r  mixture  

of low Btu c o a l  gas  i s  about 60% of t h a t  f o r  a s to i ch iomet r i c  f u e l - a i r  mix- 

t u r e  of methane ( n a t u r a l  gas) .  If a normally a s p i r a t e d  r ec ip roca t ing  engine 

were fue led  wi th  coa l  gas ,  t h e  power output  would be reduced by about  40%; 

however, turbocharging t o  inc rease  t h e  d e n s i t y  of t h e  c o a l  gas f u e l / a i r  mix- 

t u r e  inducted i n t o  t h e  cy l inde r  can be used t o  r e s t o r e  the  engine ' s  output .  

Gas-fired r e c i p r o c a t i n g  engines  with n a t u r a l  gas f u e l  are normally turbo-  

charged to inc rease  the  induc t ion  p res su re  t o  about 2 atmospheres. The .turbo- 

charged o u t l e t  p ressure  could be increased  t o  about 4 atmospheres t o  a l low 

a n  engine fue led  wi th  air-blown c o a l  gas  t o  achieve the  normal power output .  

Some engine system modif ica t ions  would be necessary  but  are w e l l  wi th in  

p re sen t  technologica l  c a p a b i l i t y .  

Cogeneration System C h a r a c t e r i s t i c s .  I n  t h i s  s tudy ,  r ec ip roca t ing  engine 

cogenera t ion  systems were based on both convent ional  and uncooled ceramic 

engines.  Both types  of engines  were analyzed wi th  air-blown g a s i f i e r s  t o  

enable  t h e  cogenera t ion  system t o  be c o a l  fue led .  The uncooled ceramic 

engine was a l s o  considered i n  a d i r e c t  coa l - f i red  conf igu ra t ion  and as a 

d i s t i l l a t e  fue l ed  d i e s e l  engine. The advanced uncooled r ec ip roca t ing  engine 

cogenerat ion system is shown i n  Figure 4-8. 

The system c h a r a c t e r i s t i c s  shown i n  Table 4-8 f o r  d i s t i l l a t e  and gas- 

f i r e d  convent ional  engines  were based on p resen t  commercial technology. 
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The cos t  and performance parameters f o r  t h e  convent ional  engines  were der ived  

from the  information given i n  Reference 2 and from d e t a i l e d  performance in fo r -  

mation provided by engine  manufacturers.  The h e a t  rates of t h e  ceramic un- 

cooled d i e s e l  and gas- f i red  engines  were taken as 97% of those  of t h e i r  

convent ional  coun te rpa r t s ,  according t o  p r i o r  d i scuss ion .  The exhaust  gas  

temperature of t h e  uncooled d i e s e l  engine was assumed t o  be 1450°F, as shown 

i n  Table 4-7. Assuming t h a t  t h e  engine exhaust gas  mass f low rate,  t h e  f l u e  

gas  s t a c k  temperature of 280°F, and o the r  pe r t inen t  engine and hea t  recovery 

system parameters are not  changed i n  the  uncooled engine s y s t e m ,  t h e  h e a t  

recoverable  from t h e  uncooled d i e s e l  engine ' s  exhaust gas stream w i l l  be  

increased by a f a c t o r  of about 1.9. The thermal output  of the  uncooled gas- 

f i r e d  engine was assumed t o  inc rease  by t h e  same f a c t o r  of 1.9. The hea t  rate 

and thermal output of t he  d i r e c t  coa l - f i r ed ,  uncooled ceramic engine were 

assumed t o  be t h e  same a s  those  of t h e  d i s t i l l a t e - f u e l e d ,  uncooled engine.  

The air-blown c o a l  g a s i f i e r  c h a r a c t e r i s t i c s  used f o r  t he  gas  t u r b i n e  

engine and t h e  f u e l  c e l l  cogenerat ion systems were a l s o  used i n  e s t i m a t i n g  

the  o v e r a l l  sys t em hea t  rates and thermal output r a t i o s  shown i n  Table 4-8 

f o r  t h e  r ec ip roca t ing  engine sys tem.  The air-blown c o a l  g a s i f i e r  has a c o a l  

feed to  c o a l  gas  energy e f f i c i e n c y  of 77%; hence, t h e  c o a l  feed to electri- 

c i t y  e f f i c i e n c y  of t h e  g a s i f i e r  engine system i s  reduced t o  77% of t h e  engine 

hea t  input  t o  e l e c t r i c i t y  e f f i c i ency .  However, t h e  system thermal output  i s  

increased  because 11% of t h e  c o a l  feed  energy is  recoverable  from t h e  gas i -  

f i e r  as use fu l  heat.  The t o t a l  thermal output  i s  that of t he  g a s i f i e r  p lus  

t h a t  of t h e  engine exhaust gas  hea t  recovery system. 

The c a p i t a l  c o s t s  shown i n  Table 4-8 f o r  t h e  convent ional  r ec ip roca t -  

i n g  engine systems were taken from Reference 2. The c o s t s  of Reference 2 

are based on s u p p l i e r ' s  quo ta t ions  f o r  equipment and s tandard estimates f o r  
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installation/construction c o s t s .  The c o s t  of t h e  air-blown c o a l  g a s i f i e r  w a s  

$420/kW. G a s i f i e r  c o s t s  were previous ly  d iscussed  i n  Sec t ion  4.2.2 and 4.2.5. 

Cap i t a l  c o s t  estimates f o r  uncooled, ceramic engines are s p e c u l a t i v e  a t  t h e  

present  t i m e  because manufacturing processes and production techniques are no t  

e s t a b l i s h e d .  Also,  no g e n e r i c a l l y  similar types  of equipment wi th  ceramic 

components are known t o  e x i s t ,  t h u s  no r e fe rence  i s  a v a i l a b l e  f o r  r e l a t i v e  

c o s t  estimates. Consequently, c o s t s  of e l e c t r i c i t y  f o r  the  uncooled, ceramic 

engine sys t ems  were c a l c u l a t e d  us ing  t h e  c a p i t a l  c o s t s  of t h e  convent iona l  

engine systems. The c o s t s  of e l e c t r i c i t y  obta ined  i n  t h i s  manner i n d i c a t e  

t h e  p o t e n t i a l  of uncooled ceramic engines  i f  t h e i r  assumed c a p i t a l  c o s t s  and 

performance g a i n  some measure of c r e d i b i l i t y  as uncooled engine development 

and ceramic inaterials r e sea rch  continue. 

The c o s t s  of e l e c t r i c i t y  f o r  t h e  r e c i p r o c a t i n g  engine systems are shown 

i n  Table 4-9. The c o s t s  of e l e c t r i c i t y  for  t h e  convent iona l  d i s t i l l a t e  

and gas- f i red  systems are i n  t h e  h igher  range a t  7 7  t o  1 2 4  milLs/kW-h, re- 

f l e c t i n g  t h e  r e l a t i v e l y  low energy usage e f f i c i e n c y  of t h e  convent iona l  

r ec ip roca t ing  engine  cogenera t ion  systems. The c o a l  gas- f i red  systems a l l  

have h igh  e l e c t r i c i t y  c o s t s  due t o  t h e  a d d i t i o n a l  c a p i t a l  c o s t  of t h e  c o a l  

g a s i f i e r .  The uncooled ceramic engine s y s t e m s  b e n e f i t  from t h e  a d d i t i o n a l  

hea t  a v a i l a b l e  i n  t h e  eng ine ' s  exhaus t ,  and, i f  d i r e c t  c o a l - f i r i n g  were 

poss ib l e ,  from the low f u e l  c o s t  of coa l .  These f a c t o r s  are r e spons ib l e  f o r  

the low e l e c t r i c i t y  c o s t  of from 65 t o  99 mills/kW-h f o r  t h e  d i r e c t  coa l -  

f i r e d  and d i s t i l l a t e  fue l ed ,  uncooled, ceramic engine sys tems.  
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4.2.4 S t i r l i n g  Engine Systems 

Technology S ta tus .  S t i r l i n g  engines  are closed-cycle h e a t  engines  

that convert  hea t  t o  mechanical work by t h e  c y c l i c  compression and expansion 

of a confined working f l u i d ,  u s u a l l y  hydrogen o r  helium, which i s  maintained 

a t  a h igher  temperature  during expansion and a lower temperature dur ing  

compression. All S t i r l i n g  engines  ope ra t e  on t h e  same bas i c  thermodynamic 

cyc le  r e g a r d l e s s  of t h e  means of  mechanizing t h e  engine. The i d e a l  S t i r l i n g  

thermodynamic c y c l e  c o n s i s t s  of i so thermal  compression and expansion proces- 

ses with r egene ra t ive  recovery of hea t  from t h e  working f l u i d  a f t e r  expansion. 

Thermal regeneraton i n  S t i r l i n g  engines  i s  accomplished v i a  an  unsteady f low 

hea t  exchanger t h a t  s t o r e s  hea t  recovered from t h e  working f l u i d  a f t e r  expan- 

s i o n  and r e t u r n s  hea t  t o  the  working f l u i d  a f t e r  compression. 

The S t i r l i n g  engine i s  d i s t ingu i shed  from o t h e r  hea t  engines  i n  t h a t  

t h e  c y c l i c  f low of t h e  working f l u i d  wi th in  the  engine i s  achieved only  

through geometric volume changes without t h e  use  of i n t e r m i t t e n t l y  opened 

p o r t s  o r  valves.  The S t i r l i n g  cycle may be  implemented wi th  a mechanical,  

kinematic l inkage  of p i s tons  t o  accomplish t h e  r equ i r ed  volume changes i n  

t h e  hot  and cold s e c t i o n s  of t h e  engine  i n  t h e  proper phase r e l a t i o n s h i p .  

The phased volume changes are i l l u s t r a t e d  i n  Figures  4-9 (a) and ( b ) .  The 

working f l u i d  i s  c y c l i c l y  d i sp laced  between t h e  ho t  s e c t i o n  of t he  engine 

where expansion occurs  and t h e  co ld  s e c t i o n  where compression occurs.  The 

h o t  and co ld  engine s e c t i o n s  are connected by a g a s  f low pa th  c o n s i s t i n g  of 

a hea te r  s e c t i o n ,  a r egene ra to r ,  and a coo le r  s ec t ion .  H i s t o r i c a l  reviews 

of t he  S t i r l i n g  engine and d i scuss ions  of opera t ing  p r i n c i p l e s  along wi th  

mechanical implementations of t h e  S t i r l i n g  cyc le  are given i n  References 1 

through 9. 
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Figure 4-9. Operating P r i n c i p l e s  of S t i r l i n g  Engines 
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The S t i r l i n g  engine o f f e r s  h igh  energy convers ion  e f f i c i e n c i e s  circa 40% 

(mechanical power ou tpu t lhea t  i n p u t )  a t  t h e  present  s ta te  of technologica l  

development, as shown i n  Table 4-10. The S t i r l i n g  engine i s  c u r r e n t l y  l i m i t e d  

t o  a hot s i d e  temperature  of about 1400'F by t h e  creep-strength/temperature 

c h a r a c t e r i s t i c s  of t h e  nickel-based supe ra l loys  used t o  f a b r i c a t e  the  eng ine ' s  

ho t  components. The stresses i n  t h e  S t i r l i n g  engine are h igh  due t o  t h e  h i g h  

pressure (1500 t o  3000 p s i a )  a t  which t h e  working f l u i d  must be  confined i n  

order  t o  o b t a i n  a s a t i s f a c t o r y  s p e c i f i c  power output  from t h e  engine,  i.e., 

power output  p e r  u n i t  weight and volume. Even i n  s t a t i o n a r y  a p p l i c a t i o n s ,  a 

reasonable  s p e c i f i c  power output  i s  requi red  t o  prevent h igh  manufacturing 

c o s t s  due t o  t h e  eng ine ' s  excess ive  s i z e .  The development of ceramic mate- 

r ia ls  for  use i n  hot s t r e s s e d  components could o f f e r  e f f i c i e n c y  improvements 

and,  more impor tan t ly ,  extend t h e  c y c l i c  f a t i g u e  l i f e  of such components. 

S t i r l i n g  engines  have only  been opera ted  f o r  r e l a t i v e l y  s h o r t  per iods of 

t i m e  (hundreds of hours)  i n  prototype conf igura t ions .  Major d i f f i c u l t i e s  

have been encountered i n  controlling leakage of t h e  high pressure  working 

f l u i d  p a s t  seals between moving p a r t s ,  e.g., p i s t o n  rods.  The r e l i a b i l i t y ,  

d u r a b i l i t y ,  and accep tab le  manufacturing c o s t  of t h e  S t i r l i n g  engine  must be 

demonstrated before  the  S t i r l i n g  engine w i l l  be a v i a b l e  contender f o r  indus- 

t r i a l  cogenerat ion app l i ca t ions .  

Cogeneration System C h a r a c t e r i s t i c s .  The advanced S t i r l i n g  engine 

cogenera t ion  system considered i n  t h i s  s tudy  is  shown schemat ica l ly  i n  Figure 

4-10. The h e a t  r e j e c t i o n  temperature  of t h e  engine i s  increased  from a 

t y p i c a l  va lue  of 160'F as  shown i n  Table 4-10 t o  280'F i n  o rde r  t o  genera te  

40 p s i a  steam i n  a h e a t  recovery b o i l e r .  The inc rease  i n  h e a t  r e j e c t i o n  

temperature 'reduces t h e  engine brake e f f i c i e n c y  by a f a c t o r  of 0.1 (i.e., 
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Table  4-1 0. Typical  S t i r l i n g  Engine Parameters 

United Gh4RL Philips Philips United MAN- MWM 
Manufacturer 4-215 Stirling GPU-3 4-235 40 hp Stirling 4-400 

Philip s 

Status 
Analy . 

Analy. Pr oto (opti- P r o t o  Pro to  Pro to  Pro to  phase I 
mized) 

Pro to  

Two Piston- Two Piston- Piston- Piston- Two * Piston- 
Type piston disp piston disp disp disp piston disp 

He H2 Working nuid 

Max press .  F, 2850 3200 
p s i  

No. of cylinders 4 4 

Max bhp 170 27 5 

RPM at max power, 4000-4200 1600 

Max torque, 300 1287 
f t  - lb 

RPM at rnax torque 1400 400 

Gas temp (hot), OF 1300 -1400 

Gas temp (cold), OF 175 160 

Efficiency at max 24 30 
BHP (70) 

Max efficiency, % 32b 4gb 

Power at 'max 75 100 
efficiency, BHP 

RPM at rnax 1100-2000 600 
efficiency 

Weight,c lb  7 50 N/D 

H2 
2100 

4 

49 

3400 

120 

955 

1275 

160 

24 

30 

35 

2000 

N/D 

Dimensions,c ft N/D 4.9 x 4.3 N/D 
x 2.2 

Applications Auto Bus Auto 

References 6-6, 13, 6-5 6-25, 
22, 27 28 

HZ 
IO00 

I 

11 

3600 

19 

1200- 
2400 

1400a 

I80 

25 

26. g b  

-7 

1900 

165d 

H2 He 

3200 20 58 

4 1 

200 40 

3000 1500 

253 108 

1000 900 

1260 1200 

108 60 

30 30 

31 38 

175 23 
(approx) 

1800 725 

1272 N/D 

1.3 x 1.3 4.1 x 1.7 N/D 
x 2.4e x 3.6 

EPS Bus LRE 

6-3, 26, 6-39 6-8, 
38 10 

H2 
2100 

8 

200 

2400 

520 

600 

1325 

160 

30 

35 

76 

1200 

1435 

He 
1570 

4 

120 

1500 

47 5 

700 

1170 

105 

29 

32 

88 

1000 

N/D 

3.7 x 2.7 
x 3.1 x 4.3 

BUS, LRE 
truck 

6-25 6-24 

5.0 x 2.3 

aHeater tube wall temperature.  

bNet brake efficiency accounting for all auxiliaries including cooling fan, combustion blower, and 
- 

water pump, among others.  

Includes all auxiliaries except cooling sys tem with fan and transmission. C 

dEngine and auxiliaries less electr ical  power generator. 
e Engine only. 

Abbreviations: 
Proto: operating prototype engine; LRE: Laboratory Research Engine; Analy: computer design 
projection; N/D: no date; EPS: electric power supply. 
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e f f i c i e n c y  a t  280°F = 0.9 x e f f i c i e n c y  a t  160°F). The engine’s  brake e f f i -  

c iency with a hea t  r e j e c t i o n  t e m p e r a t u r e  of 280°F w s  taken as  39%, be fo re  

accounting f o r  e lectr ical  power gene ra t ion  a t  a n  e f f i c i e n c y  of  95% and com- 

bus tor  l o s s e s  of 15%. The high-temperature h e a t  f o r  t h e  c losed  cyc le  S t i r -  

l i n g  engine i s  provided by a n  atmospheric f l u i d i z e d  bed combustion furnace  

capable  of  burning biomass, c o a l ,  o r  refuse-der ived f u e l .  This  furnace  was 

assumed t o  d e l i v e r  85% of t h e  hea t  of t h e  burning fuel t o  the  S t i r l i n g  engine,  

which would r e s u l t  i n  an  o v e r a l l  s y s t e m  e f f i c i e n c y  of 31% a f t e r  furnace  and 

e lectr ical  genera tor  l o s ses .  The furnace  e f f i c i e n c y  of 85% is  t y p i c a l  of 

u n i t s  of t h i s  type and perhaps o p t i m i s t i c  f o r  furnaces  of t h e  r equ i r ed  size. 

The S t i r l i n g  engine i t s e l f  i s  conjec tured  t o  be of t h e  double-acting, Rin ia  

type with t h e  c y l i n d e r s  i n  a V arrangement. In such a n  engine,  t he  angle 

between the  V cy l inde r  banks can provide the  proper volume change phasing i f  

opposing cy l inde r s  are connected t o  t h e  same crankshaf t  throw. The engine 

would l i k e l y  have 16 t o  2 4  cy l inde r s  t o  provide 3000 t o  5000 kW of power out- 

put.  The engine i s  assumed t o  reject 51% of t h e  hea t  i npu t  t o  t h e  working 

f l u i d  t o  the hea t  r e j e c t i o n  cool ing  loop. Af te r  a 3% hea t  l o s s  i n  the  cool- 

ing  loop and t h e  15% l o s s  of t h e  fu rnace ,  t h e  r e j e c t e d  h e a t  gene ra t e s  40 p s i a  

steam a t  the  rate of 4.5 l b  p e r  kilowatt-hour of electrical output .  These 

system c h a r a c t e r i s t i c s  are summarized i n  Table 4-11. 

The c a p i t a l  c o s t  estimate f o r  t he  S t i r l i n g  engine cogenera t ion  system 

was based on t h a t  of t h e  r e c i p r o c a t i n g  engine system with adjustments f o r  

major d i f f e r e n c e s  between the  sys t ems .  The manufacturing c o s t  of S t i r l i n g  

engines  i s  about 26% higher  than  t h a t  of turbocharged d i e s e l  engines  accor- 

ding t o  the  ana lyses  presented i n  Reference 1 (Chapter 11). After  d e l e t i n g  

t h e  c o s t  of t h e  combustion system from t h e  S t i r l i n g  engine  ( t h e  estiraate of 
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Table 4-1 1. System C h a r a c t e r i s t i c s  and Cost of E l e c t r i c i t y  f o r  
S t i r l i n g  Engine Cogeneration Systems 

System C h a r a c t e r i s t i c s  

Engine Type 

System Heat Rate, Btu/kW-h 

Output Rat io  of Heat 
t o  E l e c t r i c i t y ,  l b  steam/kW-h 

C a p i t a l  Cost, $/kW 
AFBC Furnace 
Conventional Fired 

Multi-Cylinder, Double-Acting, Rinia  

10,900 

4.5 

1,670 
1,460 

Engine H o t  Side Temperature, OF 1,400 

Engine Cold Side Temperature, O F  280 

Furnace Ef  f i c  iency , % 85 

Engine Ef f i c i ency ,  % 39 

Generator Ef f ic iency  , % 95 

Engine Heat Output, % of Fired Fuel 50 

Cost of E l e c t r i c i t y  

mills / kW-h 

Fuel Cost,  $ / l o 6  Btu $1 6 70 /kW $1460/kW 

1.25 79 

2.50 85 77 

5.00 98 89 

7.5 110 100 
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Reference 1) the  S t i r l i n g  engine i s  found t o  c o s t  5% more than  a d i e s e l  of 

t h e  same power output.  Assuming that t h e  $1290/kW f o r  t h e  r ec ip roca t ing  en- 

g ine  systems of t h i s  s tudy  i s  evenly d iv ided  between equipment and l a b o r ,  t h e  

S t i r l i n g  engine system is  found t o  c o s t  $1320/kW without a combustion system. 

The cos t  of a n  AFBC fu rnace  f o r  a S t i r l i n g  engine wi th  a f i r i n g  rate of 37 x 

106 Btu/h was es t imated  t o  be $350/kW by means of a n  a n a l y s i s  based on t h e  

information g iven  f o r  AFBC i n d u s t r i a l  b o i l e r s  i n  Reference 22. The t o t a l  

c a p i t a l  c o s t  of t h e  S t i r l i n g  cogenerat ion s y s t e m  wi th  a n  AFBC fu rnace  i s  

then  found t o  be  $1670/kW. This estimate i s  i n  all l i ke l ihood  q u i t e  optimis- 

t i c ,  but s e rves  t o  r ep resen t  t h e  S t i r l i n g  cogenerat ion system r e l a t i v e  t o  

t h e  o the r  s y s t e m s  of t h i s  study. A convent ional ly  f i r e d  S t i r l i n g  engine 

burning n a t u r a l  gas  o r  f u e l  o i l  would, as  discussed above, c o s t  26% more 

than  a convent ional  d i e s e l  engine,  which would place t h e  i n s t a l l e d  c o s t  of 

the  convent ional ly  f i r e d  S t i r l i n g  engine a t  $1460/kW. 

Costs of e l e c t r i c i t y  f o r  t h e  S t i r l i n g  cogenerat ion system are a l s o  shown 

i n  Table 4-11. The c o s t  of e l e c t r i c i t y  ranges from 79 t o  110 m i l l s  p e r  kW-h 

as f u e l  c o s t  i nc reases  from $1.25 t o  $7.50 per  m i l l i o n  Btu. The h igh  c o s t  

of e l e c t r i c i t y  i s  due t o  the  high c a p i t a l  cos t  f o r  t he  AFBCIStirling engine 

cogenerat ion system. The e l e c t r i c i t y  c o s t  f o r  - t h e  convent iona l ly  f i r e d  

S t i r l i n g  engine ranges from 77 t o  100 m i l l s  p e r  kilowatt-hour as f u e l  c o s t  

increases  from $2.50 t o  $7.50 p e r  m i l l i o n  Btus; t h e s e  c o s t s  are somewhat 

g r e a t e r  than those shown i n  Table 4-9 f o r  t h e  uncooled, ceramic recipro-  

ca t ing  engine t h a t  burns d i s t i l l a t e  fue l .  

4-50 



4.2.5 Fuel  C e l l  Systems 

Technology S ta tus .  Fuel cells  are energy conversion devices  t h a t  

cont inuously produce e l e c t r i c i t y  by means of t h e  e lec t rochemica l  r e a c t i o n  of 

a f u e l  and an  o x i d i z e r ,  normally hydrogen and oxygen, i n  the  presence of a n  

e l e c t r o l y t e .  The ope ra t ing  p r i n c i p l e s  and t echno log ica l  s t a t u s  of f u e l  ce l l s  

are discussed by Voecks (Ref. 6 4 ) ,  by F i c k e t t  (Ref.65), and i n  Reference 6 6 ,  

and t h e  present  d i scuss ion  i s  c h i e f l y  drawn therefrom. Fuel cells are gener- 

a l l y  considered t o  be of four  types:  (a)  a c i d ,  ( b )  molten sa l t ,  (c )  a l k a l i n e ,  

and  ( d )  s o l i d  oxide. For seemingly v a l i d  cons ide ra t ions  given i n  t h e  above 

mentioned r e fe rences ,  t h e  f i r s t  two types  may b e  reasonably expected t o  reach 

commercial s t a t u s  f o r  i n d u s t r i a l  and u t i l i t y  app l i ca t ions .  Hence, on ly  a c i d  

and molten salt  f u e l s  w i l l  be considered he re in  f o r  advanced cogenera t ion  

s y s t e m s .  

The four  types  of f u e l  ce l l s  are shown i n  Figure 4-11. A l l  t he  f u e l  

ce l l s  r e q u i r e  hydrogen as t h e  f u e l ;  t h e r e f o r e ,  a f u e l  processor  i s  used t o  

conver t  a hydrocarbon o r  carbonaceous f u e l  i n t o  a hydrogen r i c h  f u e l  gas  t o  

be fed  i n t o  t h e  cel l .  A no tab le  d i f f e r e n c e  between a c i d  and molten sa l t  

f u e l  c e l l s  shown i n  Figure 4-11 i s  t h a t  t h e  ac id  f u e l  c e l l  r e q u i r e s  a s h i f t  

conver te r  t o  reduce t h e  molar concen t r a t ion  of carbon monoxide i n  t h e  f u e l  

gas  t o  less than  about 2% to  avoid poisoning the  platinum c a t a l y s t  of t h e  

f u e l  c e l l  anode. In c o n t r a s t  t o  t h e  a c i d  f u e l  c e l l ,  t h e  molten sal t  f u e l  

c e l l  i s  not  poisoned by carbon nonoxide. The carbon monoxide (CO) is in-  

d i r e c t l y  u t i l i z e d  i n  t h e  molten sal t  c e l l  i n  t h a t  CO i s  s h i f t e d  wi th in  t h e  

f u e l  ce l l  t o  form hydrogen, which is  consumed a t  t h e  anode, and carbon d ioxide ,  

which i s  recyc led  t o  t h e  cathode where it p a r t i c i p a t e s  i n  t h e  e lec t rochemica l  

r eac t ion .  A s  shown i n  Figure 4-11, a c i d  f u e l  cells ope ra t e  a t  temperatures  

of about 400°F while  molten salt  cells  ope ra t e  near  1000°F. 
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Figure 4-12 i l l u s t r a t e s  t h e  conf igu ra t ion  of both phosphoric ac id  and 

molten carbonate  f u e l  cells .  Each f u e l  c e l l  element c o n s i s t s  of a porous 

anode to  which f u e l  i s  f e d ,  a porous cathode t o  which o x i d i z e r  i s  f e d ,  and 

the  e l e c t r o l y t e  s a t u r a t e d  wick s t r u c t u r e  t h a t  s epa ra t e s  t h e  anode and cathode. 

I n  the  ac id  f u e l  c e l l ,  hydrogen i n  t h e  f u e l  stream sur rende r s  e l e c t r o n s  a t  

t h e  anode, then t h e  hydrogen ions  d i f f u s e  through t h e  ac id  e l e c t r o l y t e  t o  

t h e  cathode where the  ions  react wi th  oxygen and accept  e l e c t r o n s  t o  form 

water vapor. The product water d i f f u s e s  out  of t h e  cathode and i s  c a r r i e d  

away with excess  a i r  flowing through the  cathode channels.  In  the  molten 

carbonate  f u e l  c e l l ,  hydrogen a l s o  su r rende r s  e l e c t r o n s  a t  t h e  anode, subse- 

quent ly  r e a c t i n g  wi th  carbonate  ions  t o  form water vapor and carbon d iox ide  

gas t h a t  d i f f u s e  out  of t h e  anode and are c a r r i e d  away by the  anode gas  

stream. The carbon d iox ide  i s  e x t e r n a l l y  recyc led  t o  the  cathode where i t  

reacts with oxygen and accep t s  e l e c t r o n s  t o  form carbonate  ions  t h a t  d i f f u s e  

through t h e  e l e c t r o l y t e  to  the anode. 

Phosphoric ac id  f u e l  ce l l  e l e c t r o d e s  t y p i c a l l y  c o n s i s t  of agglomerated 

carbon p a r t i c l e s  loaded with t h e  platinum c a t a l y s t  t h a t  are he ld  toge the r  by 

a f luorocarbon binder .  The phosphoric ac id  e l e c t r o l y t e  i s  held i n  an  i n e r t  

wick matr ix  of i no rgan ic  o r  polymeric material. Molten carbonate  f u e l  cel ls  

use  porous, s i n t e r e d  n i c k e l  e l e c t r o d e s ,  and t h e i r  e l e c t r o l y t e  i s  he ld  as a 

porous, ceramic t i l e  made of lithium-aluminum-oxide conta in ing  a mixture  

of a lka l i  carbonates ,  u s u a l l y  l i t h i u m  carbonate  and potassium carbonate .  

Both types of f u e l  cel ls  must ope ra t e  a t  e l eva ted  pressure  t o  achieve  satis- 

f a c t o r y  power d e n s i t y ,  about  120 p s i a  f o r  the  next  gene ra t ion  of a c i d  f u e l  

cells and f o r  t h e  pos tu l a t ed  gene ra t ion  of commercial molten sa l t  f u e l  cells. 

4-53 



CURR ELECTROLYTE - ION CARRIER 
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Molten Carbonate Fuel C e l l  Element 

Figure 4-1 2. Schematic I l l u s t r a t i o n s  of Phosphoric Acid 
and Molten Carbonate Fuel C e l l  Elements 
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A f u e l  c e l l  energy conversion module c o n s i s t s  of many ind iv idua l  f u e l  

ce l l  elements connected i n  series t o  g ive  t h e  des i r ed  output  vo l tage ;  such 

modules are r e f e r r e d  t o  as ce l l  s tacks .  These modules are then  connected 

i n  parallel  t o  g ive  higher  e lectr ical  cu r ren t  ou tput  levels. Because a f u e l  

c e l l  produces d i r e c t  c u r r e n t  (dc ) ,  electrical  power condi t ioning equipment i s  

requi red  t o  conver t  dc power t o  60 h e r t z  a l t e r n a t i n g  cu r ren t  f o r  i n d u s t r i a l  

app l i ca t ions .  A f u e l  c e l l  power p l a n t  f o r  i n d u s t r i a l  cogenerat ion a p p l i c a -  

t i o n s  would then  c o n s i s t  of t h r e e  b a s i c  elements,  as shown i n  Figure 4-13. 

The fuel processor  conver t s  a feeds tock  of l i q u i d ,  gaseous o r  s o l i d  f u e l  

i n t o  a hydrogen-rich f u e l  gas stream. This stream elec t rochemica l ly  reacts 

i n  the f u e l  ce l l  s t a c k  t o  produce e l e c t r i c i t y .  A t  p r a c t i c a b l e  r a t e s  of energy 

conversion,  t h e  thermodynamic i r r e v e r s i b i l i t i e s  of t h e  f u e l  c e l l  energy con- 

ve r s ion  process r e s u l t  i n  50% t o  60% of the  energy a v a i l a b l e  frorn t h e  f u e l  

being d i s s i p a t e d  as hea t  within t h e  f u e l  c e l l  elements. Thus, f u e l  c e l l s  

r e q u i r e  t h a t  hea t  be removed from t h e  c e l l  s t a c k  i n  order  t o  maintain a 

cons tan t  f u e l  c e l l  ope ra t ing  temperature.  This hea t  s e rves  t o  produce steam 

i n  a f u e l  c e l l  cogenerat ion system. 

Phosphoric ac id  f u e l  cel ls  have been developed t o  the  commercial demon- 

s t r a t i o n  s t a g e  over t h e  p a s t  f i f t e e n  years.  In t h e  e a r l y  1970s, a group of 

60 u n i t s  of 12 kW output  were t e s t e d  i n  35 l o c a t i o n s  i n  a v a r i e t y  of appl ica-  

t i o n s  by United Technologies Corporation under the  TARGET Program -- t he  Team 

t o  Advance Research f o r  Gas Energy Transformation, which included a consortium 

of 32 gas u t i l i t i e s .  These 12-kW u n i t s  operated on n a t u r a l  gas fed t o  a 

self-contained f u e l  processing u n i t .  A l a r g e r ,  40-kW u n i t  w a s  developed 

with t h e  b e n e f i t  of t h e  experience of t h e  12-kW program. The 40-kW u n i t  has  

operated f o r  approximately 1000 hours  a t  two i n d u s t r i a l  sites i n  a program 

t h a t  i s  focused on f i e l d  t e s t i n g  pre-prototype un i t s .  These u n i t s  ach ieve  
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a n  electrical conversion e f f i c i e n c y  of approximately 38% of t h e  f u e l  energy 

and demonstrate t h e  p o t e n t i a l  u s e f u l  h e a t  recovery of up t o  40% of t h e  f u e l  

energy (Ref. 67). A one-megawatt u n i t  w a s  t e s t e d  f o r  1100 hours a t  50 p s i a  

i n  prepara t ion  f o r  c o n s t r u c t i n g  4.5-Mw un i t s .  A 4.5-megawatt u n i t  is  now 

being readied f o r  t e s t i n g  i n  p a r a l l e l ,  grid-connected ope ra t ion  i n  New York 

while another  i s  i n  ope ra t ion  i n  Tokyo. These u n i t s  are designed t o  ope ra t e  

on n a t u r a l  gas  o r  naphtha t h a t  i s  processed through a self-contained reformer 

t o  o b t a i n  a f u e l  gas  con ta in ing  about 70% hydrogen. Developmental work f o r  

phosphoric ac id  f u e l  c e l l s  i s  aimed a t  i nc reas ing  c e l l  opera t ing  p res su re  t o  

about 120 p s i a  i n  o r d e r  t o  provide a s u b s t a n t i a l  i nc rease  i n  power dens i ty  

r e l a t i v e  t o  t h e  4.5+1W u n i t s .  Performance and d u r a b i l i t y  improvements are 

needed i n  s e v e r a l  areas i n  o rde r  f o r  phosphoric a c i d  f u e l  c e l l s  t o  be commer- 

c i a l l y  v i a b l e .  I n  p re sen t  u n i t s ,  f o r  example ,  e l e c t r o l y t e  evapora t ion  c r e a t e s  

co r ros ion  problems, and l i m i t e d  cathode performance p resen t ly  suppresses  

f u e l  c e l l  e f f i c i ency .  The economic v i a b i l i t y  of phosphoric a c i d  f u e l  c e l l  

systems i n  u t i l i t y  and i n d u s t r i a l  a p p l i c a t i o n s  remains t o  be proven when 

viewed r e l a t i v e  t o  the Rankine cycle,  gas t u r b i n e  engine ,  and r ec ip roca t ing  

engine systems 

Molten carbonate  f u e l  cells have the  p o t e n t i a l  t o  reduce s y s t e m  c o s t s  

and improve o v e r a l l  e lectr ical  conversion e f f i c i e n c y  when combined with a 

bottoming cycle.  P re sen t ly ,  molten carbonate f u e l  ce l l s  a re  being developed 

i n  the l abora to ry  with a t t e n t i o n  d i r e c t e d  t o  i d e n t i f y i n g  c e l l  c o n f i g u r a t i o n s  

and materials wi th  the requi red  performance and l i f e t i m e .  

Cogeneration System C h a r a c t e r i s t i c s .  Advanced f u e l  c e l l  cogenera- 

t i o n  systems based on both  phosphoric ac id  and molten carbonate  f u e l  cel l  

s t a c k s  were analyzed. The phosphoric a c i d  f u e l  c e l l  (PAFC) system was consi-  

dered i n  three i n d i v i d u a l  conf igu ra t ions  t h a t  d i f f e r  according t o  f u e l  type. 
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Phosphoric ac id  f u e l  ce l l  systems were configured t o  run on n a t u r a l  gas /  

naphtha, l i q u i d  hydrocarbon d i s t i l l a t e ,  o r  s o l i d  carbonaceous f u e l s  such as  

biomass, c o a l ,  or  refuse.  The molten carbonate  f u e l  ce l l  (MCFC) was analyzed 

only i n  c o a l  o r  o the r  s o l i d  carbonaceous fue led  conf igura t ions .  The s o l i d  

carbonaceous fue led  systems f o r  t he  PAFC and the  MCFC were considered both 

with air-blown and oxygen-blown g a s i f i e r s .  The two types of g a s i f i e r s  have 

d i f f e r e n t  f u e l  gas  compositions and c a p i t a l  cos t s .  

The n a t u r a l  gaslnaphtha fue l ed  PAFC system i s  shown schematical ly  i n  

Figure 4-14. In  the  system shown, t h e  f u e l  is desu l fu r i zed  and fed t o  the  

steam reformer where i t  reacts with steam generated from t h e  c e l l  s t a c k  t o  

y i e l d  a gaseous mixture  of hydrogen, carbon monoxide, carbon d ioxide ,  and 

water vapor. Since only  l imi t ed  amounts of carbon monoxide can be fed t o  

the  PAFC, a s h i f t  conver te r  i s  used t o  i nc rease  the  hydrogen concen t r a t ion  

i n  t h e  gas  stream by r e a c t i n g  carbon monoxide and water t o  form hydrogen and 

carbon dioxide.  The hydrogen-rich f u e l  gas  then  flows t o  the  f u e l  cel l  anode 

where about 80% of t h e  hydrogen i n  t h e  gas  stream i s  e lec t rochemica l ly  con- 

sumed. The anode gas  exhaust  stream wi th  t h e  r e s i d u a l  hydrogen and uncon- 

ver ted  methane i s  then  burned with a i r  t o  provide hea t  f o r  t h e  endothermic 

reforming process.  The f u e l  c e l l  cathode i s  suppl ied wi th  a i r  from the  

turbocompressor. The water of r e a c t i o n  and excess a i r  are contained i n  t h e  

cathode exhaust gas  stream. In  t h e  p a r t i c u l a r  system shown i n  Figure 4-14, 

v i r t u a l l y  a l l  of t h e  water vapor i n  t h e  cathode exhaust i s  condensed, t h e n  

returned as l i q u i d  water t o  the  fuel cel l  to  remove the  hea t  being generated 

t h e r e i n  by means of hea t  exchange with a coolant  c i r c u l a t i n g  through t h e  ce l l  

s tack.  A p o r t i o n  of t h e  steam generated i n  cool ing the  c e l l  s t a c k  i s  used 

i n  t h e  f u e l  processor and t h e  remaining steam c o n s t i t u t e s  t h e  cogenera t ion  
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system's  h e a t  output .  The performance of t h i s  system i s  presented i n  Reference 

67 by t h e  sys tem's  deve lopers  -- United Technologies Corporation. According 

t o  t h a t  information,  t h e  o v e r a l l  fue l  t o  e l e c t r i c i t y  e f f i c i e n c y  of t h e  system 

i s  38%, which g ives  a system hea t  rate of 8980 Btu/kW-h shown i n  Table  4-12. 

The thermal output  of t h i s  system i s  q u i t e  low a t  0.79 l b  of steam per  kW-h 

because t h e  steam fed  t o  t h e  reformer i s  obta ined  by condensing t h e  water 

of r e a c t i o n  and then revapor iz ing  t h e  condensate t o  coo l  t h e  ce l l  s tack .  

These systems may be modified,  a t  some sacrifice of e l e c t r i c i t y  conver- 

s i o n  e f f i c i e n c y ,  t o  s u b s t a n t i a l l y  i n c r e a s e  t h e  system% thermal output .  A s  

descr ibed  i n  Reference 67, t h e  f u e l  processor  may be d i r e c t l y  f ed  with t h e  

cathode exhaust stream t o  provide t h e  water vapor requi red  by the reforming 

process. Such a system i s  shown i n  F igure  4-15. Only t h e  water t o  be used 

f o r  c e l l  s t a c k  cool ing  i s  condensed and re turned  t o  the  f u e l  cel l .  This  

modi f ica t ion  inc reases  t h e  system thermal  output  t o  4.4 l b  of steam per kW-h, 

but decreases  t h e  electrical conversion e f f i c i e n c y  t o  34%, giv ing  a h e a t  rate 

of 10,000 BtulkW-h, as shown i n  Table 4-12. 

Both of t h e  phosphoric ac id  f u e l  ce l l  systems ope ra t e  a t  a pressure  of 

120 p s i a  t o  i n c r e a s e  c e l l  s t a c k  power dens i ty .  These systems inco rpora t e  a n  

i n t e g r a t e d  turbo-compressor t o  provide  compressed a i r  t o  t h e  f u e l  processor  

and t o  t h e  f u e l  ce l l  cathode. The compressor i s  d r iven  by a t u r b i n e  through 

which the  burner  exhaust g a s  i s  expanded. 

The f u e l  processor  of t h e  phosphoric and f u e l  c e l l  cogenera t ion  system 

shown i n  F igure  4-15 could be a g a s i f i c a t i o n  system that provides  low o r  

medium Btu, f u e l  gas  t o  t h e  s u l f u r  removal and s h i f t  conve r t e r  un i t s .  Coal 

g a s i f i c a t i o n  systems f o r  phosphoric a c i d  f u e l  cells are d iscussed  by Kras ick i  

and Pierce (Ref. 68). The g a s i f i e r  may be oxygen-blown o r  air-blown t o  

provide medium o r  l o w  Btu f u e l  gas ,  r e spec t ive ly .  In  e i t h e r  case, t h e  f u e l  
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g a s  must be  processed through the  s h i f t  conver te r  to  reduce the  carbonmonoxide 

concent ra t ion  t o  about 2%. Typ ica l ly ,  r a w ,  low Btu f u e l  gas from a n  air-  

blown g a s i f i e r  w i l l  c o n s i s t  of about ( i n  molar concen t r a t ion )  15% hydrogen, 

30% carbon monoxide, 50% n i t rogen ,  small amounts of methane and hydrogen 

s u l f i d e ,  and traces of o t h e r  contaminants. Af te r  s h i f t i n g  and c l ean ing ,  t h e  

f u e l  c e l l  s t a c k  feed  would c o n s i s t  of about 30% hydrogen with n i t rogen  and 

carbon d ioxide  c o n s t i t u t i n g  the  rest of t h e  stream. An oxygen-blown g a s i f i e r  

would have a product gas stream undi luted by n i t rogen  from a i r ;  a f t e r  c l ean ing  

and s h i f t i n g ,  t h e  hydrogen molar concent ra t ion  of t he  f u e l  c e l l  feed gas would 

be about 50%, with carbon d ioxide  c o n s t i t u t i n g  most of t h e  remaining gas  

stream. E i the r  gas  stream i s  s u i t a b l e  f o r  feeding the  anode of a phosphoric 

and f u e l  c e l l ;  however, s l i g h t l y  lower hydrogen u t i l i z a t i o n  a t  t h e  anode would 

r e s u l t  from using the  more d i l u t e  f u e l  gas  stream from t h e  air-blown g a s i f i e r .  

The o v e r a l l  energy conversion e f f i c i e n c y  of t h e  gasifier/PAFC system i s  

less than t h a t  of t h e  previously discussed f u e l  c e l l  systems because of coa l  

g a s i f i e r  energy lo s ses .  Coal g a s i f i e r s  t y p i c a l l y  produce output  gas streams 

t h a t  have about 75% of the  hea t ing  value of t he  coa l  feed. In  a d d i t i o n ,  t h e  

hea t ing  va lue  of t h e  product gas  n u s t  be a v a i l a b l e  from hydrogen and carbon 

monoxide i n  order  t o  be consumed by t h e  f u e l  cell .  Some g a s i f i e r s  produce 

apprec i ab le  amounts of methane -- up t o  about 18% of t h e  hea t ing  va lue  of t h e  

coa l  feed according t o  Reference 69  --which cannot be e lec t rochemica l ly  u t i l -  

i zed  i n  t h e  f u e l  c e l l  s tack .  However, methane passes  through t h e  f u e l  c e l l  

and is combusted i n  the  burner s e c t i o n  of t he  p l an t ;  hence,  a po r t ion  of t he  

energy of t h e  f u e l  fed  t o  such a g a s i f i e r  is  recoverable  as s e n s i b l e  h e a t  

from t h e  burner.  
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An air-blown g a s i f i e r  and an oxygen-blown g a s i f i e r  w e r e  considered wi th  

t h e  PAFC i n  t h i s  s tudy ,  as  i l l u s t r a t e d  i n  Figures 4-16 and 4-17. The air- 

blown g a s i f i e r  has  a h igh  methane output ,  and the  oxygen-blown g a s i f i e r  i s  

a high e f f i c i e n c y  uni t .  The c h a r a c t e r i s t i c s  of t h e  oxygen-blown g a s i f i e r  

shown i n  Figure 4-17 could a l s o  r ep resen t  air-blown g a s i f i e r s  wi th  a low 

methane output ,  a l though t h e  amount of s e n s i b l e  hea t  recovered from t h e  gas i -  

f i e r  u n i t  would be somewhat reduced f o r  air-blown uni t s .  In each of t h e  

systems shown, t h e  phosphoric a c i d  f u e l  cel l  system conver t s  41.5% of t h e  

hydrogen ( H 2 )  and carbon monoxide (CO) f u e l  energy i n t o  n e t  (ac) e l e c t r i c i t y  

output .  In t he  f u e l  c e l l  s t a c k ,  50% of the  H2 + CO f u e l  energy i s  d i s s i p a t e d  

as  heat. The t o t a l  hea t  output of each system c o n s i s t s  of t h e  hea t  recovered 

from the  g a s i f i e r  u n i t ,  t h e  hea t  produced by t h e  methane i n  the  burner ,  and 

t h e  hea t  produced i n  t h e  f u e l  c e l l  s t ack .  The hea t  ra te  and thermal output  

f o r  each of t h e  gasifier/PAFC systems are shown i n  Table 4-12. The h e a t  rates 

f o r  both g a s i f i e r  systems are h igher  than  those  of t h e  PAFC/reformer systems 

due to  the  fuel gas energy being less than  t h a t  of t he  s o l i d  f u e l  feed t o  the  

g a s i f i e r .  However, t h e  g a s i f i e r  systems have a high thermal output  which main- 

t a i n s  the  o v e r a l l  energy u t i l i z a t i o n  a t  80% t o  84% of the  g a s i f i e r  feed HHV. 

Molten carbonate  f u e l  c e l l  systems are shown i n  Figures  4-18, 4-19, and 

4-20. Molten carbonate  f u e l  c e l l  systems d i f f e r  f rou  PAFC systems i n  t h a t  a 

s h i f t  conver te r  is not  r equ i r ed  by t h e  MCFC (al though i t  is  used i n  c e r t a i n  

system concepts) ,  and t h e  carbon d ioxide  formed a t  the  MCFC anode is e x t e r n a l l y  

recycled t o  t h e  cathode. A b a s i c  NCFC system concept with f u e l  gas  provided 

by a n  a d i a b a t i c  reformer i s  shown i n  Figure 4-18. The f u e l  gas  from t h e  

reformer i s  desu l fu r i zed  and f ed  t o  t h e  f u e l  ce l l  anode. The anode d i s -  

charge stream s u p p l i e s  water t o  t h e  a d i a b a t i c  reformer and a m i x t u r e  of 
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r e s i d u a l  f u e l  g a s  and carbon d ioxide  t o  the  burner.  The r ecyc l ing  of carbon 

d ioxide  is  accomplished by rou t ing  t h e  burner  exhaust t o  t h e  cathode along 

wi th  a i r  from t h e  compressor. The cathode exhaust i s  expanded through t h e  

tu rb ine  t o  provide power t o  d r i v e  t h e  a i r  compressor. Advanced concepts  f o r  

MCFC systems wi th  coa l  g a s i f i e r s  have been considered by Reinstrom ( R e f .  70). 

MCFC systems with anode gas  r ecyc le  and anode gas  reprocess ing  are shown i n  

F igures  4-19 and 4-20, r e spec t ive ly .  The f u e l  c e l l  s t a c k s  i n  these  systems 

are gas  cooled;  hence,  h e a t  recovery b o i l e r s  are used t o  genera te  steam with 

hea t  from t h e  anode and cathode d ischarge  streams. The MCE'C/coal g a s i f i e r  

systems shown i n  Table 4-12 are based on t h e  performance c h a r a c t e r i s t i c s  of 

t he  anode g a s  r e c y c l e  concept as descr ibed  by Reinstrom (Ref. 70). The gas i -  

f i e r  c h a r a c t e r i s t i c s ,  as previously discussed f o r  t h e  PAFC systems, were 

used i n  conjunct ion  wi th  t h e  anode r e c y c l e  MCFC performance t o  estimate t h e  

hea t  rate and thermal output  f o r  t h e  MCFClcoal g a s i f i e r  systems shown i n  

Table 4-12. The MCFC system Performance i s  q u i t e  similar t o  t h a t  of t h e  

PAFC. The major advantage of t h e  MCFC i s  t h a t  t h e  h e a t  d i s s i p a t e d  i n  t h e  

c e l l  s t a c k  i s  a v a i l a b l e  a t  about  100O0F, i n s t e a d  of 40OOF as  i n  t h e  PAFC. 

The higher  temperature i s  of l i t t l e  advantage i n  t h i s  s tudy  because steam i s  

suppl ied t o  t h e  i n d u s t r i a l  process  as steam vapor a t  267'F. In u t i l i t y  

power p l an t  a p p l i c a t i o n s ,  t h e  h igher  temperature  of t h e  hea t  from t h e  MCFC 

would a l low increased  bottoming c y c l e  energy convers ion  e f f i c i ency .  

The c a p i t a l  c o s t  estimates f o r  t h e  PAFC modules and subsystems were 

based on the  information g iven  by Krasicki and P i e r c e  ( R e f .  681, with  appro- 

p r i a t e  adjustments t o  account f o r  d i f f e r e n c e s  i n  t h e  conf igu ra t ion  of t h e  

cogenera t ion  systems considered herein.  The f u e l  processor  c o s t s  were de- 

r i v e d  from information given i n  References 71, 72, and 67. Based on a f u e l  

ce l l  s y s t e n  f u e l  g a s  input  t o  ac e l e c t r i c i t y  convers ion  e f f i c i e n c y  of 40%, 
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the c o s t s  of t h e  d i f f e r e n t  types  of f u e l  processor units used i n  t h i s  s tudy  

are: $550/kW f o r  t h e  oxygen-blown c o a l  g a s i f i e r ;  $410/kW f o r  the air-blown 

c o a l  g a s i f i e r ;  $260/kW f o r  t h e  a d i a b a t i c  reformer; and $325/kW f o r  t h e  

naphtha/methane steam reformer. The c a p i t a l  c o s t s  t hus  developed f o r  t h e  

PAFC cogenera t ion  systems a re  shown i n  Table 4-12. The MCFC c a p i t a l  c o s t s  

were s i m i l a r l y  developed us ing  t h e  f u e l  c e l l  module and subsystem c o s t s  g iven  

by Lance and VanBibber i n  Reference 73. 

The c o s t s  of e lec t r ic i ty  f o r  t he  f u e l  c e l l  cogenera t ion  systems are 

shown in Table 4-13. The PAFC/coal g a s i f i e r  systems have c o s t s  of electri-  

c i t y  i n  t h e  h igher  range a t  70 t o  88 m i l l s  per kilowatt-hour wi th  f u e l  a t  

$1.25 t o  $2.50 per m i l l i o n  Btu, r e spec t ive ly .  The MCFC sys t ems  have lower 

c o s t s  of e l e c t r i c i t y  due t o  t h e  con jec tu re  of lower cap i t a l  c o s t s  f o r  MCFC 

f u e l  c e l l  modules. It may be poss ib l e  t o  achieve c o s t  r educ t ion  i n  t h e  PAFC/ 

air-blown g a s i f i e r  system through i n t e g r a t i o n  of t h e  air-blown g a s i f i e r ,  the 

turbo-compressor, and t h e  f u e l  c e l l  module. A 20% capi ta l  c o s t  r educ t ion  i n  

the  PAFClcoal g a s i f i e r  systems would reduce t h e i r  c o s t s  of e lec t r ic i ty  t o  

l e v e l s  compet i t ive  with t h e  b e t t e r  gas t u r b i n e  engine s y s t e m s  of Sec t ion  

4.2.2. 
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4 . 2 . 6  Systems Using A l t e r n a t i v e  Energy Sources 

Energy sources  and s y s t e m s  t h a t  do not u t i l i z e  such convent iona l  

f u e l s  as n a t u r a l  gas ,  c o a l ,  and petroleum have rece ived  much a t t e n t i o n  over 

the p a s t  decade. The class of a l t e r n a t i v e  energy sources i s  g e n e r a l l y  cons i -  

dered t o  inc lude  s o l a r ,  biomass, geothermal,  and wind. The gene ra t ion  of 

e lectr ic  power has been a f o c a l  po in t  of i n t e r e s t  i n  a l t e r n a t i v e  energy. Bio- 

mass i s  t h e  easiest a l t e r n a t i v e  energy source  t o  u t i l i z e  i n  an  e lectr ical  

power p l a n t  o r  cogenera t ion  system because c e l l u l o s i c  and o the r  p l a n t  mate- 

r i a l ,  i.e., wood crop ,  waste, e t c . ,  may be  d i r e c t l y  burned, g a s i f i e d  o r  

converted i n t o  methanol i n  e s s e n t i a l l y  t h e  same manner a s  coa l .  In t h e  present  

s tudy ,  t h e  d i r e c t  combustion o r  g a s i f i c a t i o n  of biomass i s  considered t o  be 

a n  opt ion  i n  any  of t h e  systems considered t h a t  use s o l i d  f u e l .  Modification 

of d i r e c t  combustion o r  g a s i f i c a t i o n  systems may be  necessary t o  burn c e l l u -  

l o s i c  material, but a d e t a i l e d  t rea tment  of such  modi f ica t ion  i s  beyond t h e  

scope of t h i s  study. Wind power systems d i r e c t l y  gene ra t e  e l e c t r i c i t y  and 

may produce economically compet i t ive  e l e c t r i c i t y  i n  c e r t a i n  circumstances. 

Although wind cogenera t ion  s y s t e m s  have been a l luded  t o  i n  t h e  l i t e r a t u r e ,  

t h i s  thermodynamically con to r t ed  no t ion  could be taken  s e r i o u s l y  only i f  com- 

b u s t i b l e  f u e l  were scarce, extremely expensive o r  i t s  use otherwise precluded, 

because thermodynamic work, i.e., e l e c t r i c i t y ,  would be d i r e c t l y  d i s s i p a t e d  

as hea t  i n  such a system. 

Geothermal energy occurs  i n  t h e  form of h e a t  t h a t  i s  discharged as h o t  

b r i n e  o r  steam from geothermal wells, and, i n  some i n s t a n c e s ,  from n a t u r a l  

s p r i n g s  o r  vents.  I f  t h e  geothermal hea t  i s  of adequate temperature,  i t  can 

be used t o  gene ra t e  c l e a n  steam f o r  use i n  a power convers ion  cyc le .  Where 

such geothermal sources  e x i s t ,  the i r  u t i l i z a t i o n  u s u a l l y  i s  complicated by 

t h e  p o t e n t i a l l y  h i g h  maintenance of f l u i d  handling equipment exposed t o  t h e  
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cor ros ive  geothermal br ine .  Several  d i f f e r e n t  systems f o r  conversion of 

geothermal h e a t  t o  e l e c t r i c i t y  are c u r r e n t l y  under inves t iga t ion .  Lacy 

(Ref. 77) desc r ibes  a b inary  conversion process i n  which a geothermal source  

provides hea t  f o r  a c losed  Rankine cyc le  system using a hydrocarbon working 

f l u i d .  Ce r in i  and Record (Ref. 78) desc r ibe  a r o t a r y  s e p a r a t i o n  t u r b i n e  f o r  

d i r e c t l y  handl ing geothermal b r i n e s  t h a t  are a t  a temperature h igh  enough t o  

become steam-liquid mixtures  during expansion. McKay (Ref. 79) d e s c r i b e s  

a novel geothermal expander f o r  d i r e c t l y  expanding geothermal b r i n e  as a 

two-phase mixture. Crane (Ref. 80) p re sen t s  a d i scuss ion  of t h r e e  geothermal 

energy conversion p r o j e c t s  i n  t h e  Imperial  Valley i n  Cal i forn ia .  In gene ra l ,  

geothermal sources  are not  a v a i l a b l e  a t  a high enough temperature t o  make 

cogenerat ion prac t icable .  A r e l a t i v e l y  h igh  temperature fo r  a geothermal 

b r i n e  would be about 300 t o  400"F, and the b r i n e  would be re turned  t o  a 

r e i n j e c t i o n  w e l l  a t  about 150°F. Conceivably, a cogenerat ion system could  

func t ion  over such a temperature d i f f e r e n c e ,  bu t  a n  unacceptable  s a c r i f i c e  

i n  e l e c t r i c i t y  product ion would be incur red  i f  i n d u s t r i a l  process steam were 

generated a t  267'F. In unique circumstances,  geothermal heat  sources  could 

be used i n  indus t r i a l .  cogenerat ion s y s t e m s ,  but  geothermal hea t  i s  not a 

gene ra l ly  v i a b l e  energy source  f o r  i n d u s t r i a l  cogenerat ion as considered 

herein.  

Of the  a l t e r n a t i v e  energy opt ions ,  s o l a r  energy systems are the  most 

amenable t o  i n d u s t r i a l  cogeneration. A comprehensive assessment of a l t e r n a -  

t i v e  s o l a r  thermal electric power p l a n t s  i s  presented by Rosenberg and Revere 

i n  Reference 81, wherein s o l a r  electric power p l a n t s  that employ s o l a r  energy 

c o l l e c t o r s  of t h e  low concen t r a t ing ,  l ine-focusing and point-focusing v a r i e t y  

are evaluated. Heat engines  ope ra t ing  on t h e  Rankine, Brayton, and S t i r l i n g  

thermodynamic cyc le s  were considered as appropr i a t e  t o  the  temperature  a t  
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which hea t  i s  a v a i l a b l e  from the  d i f f e r e n t  s o l a r  c o l l e c t o r  systems. The 

assessment of Reference 81 included a n  ex tens ive  c o s t  s tudy  of t h e  compo- 

nen t s  of t he  s o l a r  electric systems a t  product ion l e v e l s  of from 1000 t o  

100,000 u n i t s  per  year. A t o t a l  of n ine  s o l a r  c o l l e c t o r / h e a t  engine systems 

were evaluated f o r  a p p l i c a t i o n s  i n  the  1 t o  10  megawatt range of e l e c t r i c i t y  

output.  This s tudy  concluded t h a t  t h e  lowest  c o s t  electric power i s  produced 

by the  point-focusing systems t h a t  do n o t  i nc lude  energy s t o r a g e  t o  inc rease  

t h e i r  capac i ty  f ac to r .  These lower c o s t  systems produce e l e c t r i c i t y  a t  89 t o  

111 m i l l s  p e r  kilowatt-hour i n  1978 d o l l a r s ,  expressed as l e v e l i z e d  bus bar  

energy c o s t  (BBEC) a s  def ined  i n  Reference 82. 

One of t h e  lower c o s t  point-focusing systems -- the  Po int-Focusing 

Dis t r ibu ted  Receiver /Central  Rankine (PFDR/R) -- may be r e a d i l y  adapted t o  

i n d u s t r i a l  cogenerat ion a t  no inc rease  i n  cap i ta l  cos t .  In  f a c t ,  according 

t o  t h e  method used he re ,  t h e  s y s t e m ' s  c a p i t a l  c o s t  was reduced when expressed 

i n  equiva len t  d o l l a r s .  The PFDR/R system, a s  considered i n  Reference 81, i s  

i l l u s t r a t e d  i n  Figures  4-21 and 4-22. The s e n s i b l e  thermal s to rage  and 

condenser/cooling tower por t ions  of t h e  PFDR/R system shown i n  Figure 4-21 

were de le t ed  from t h e  i n d u s t r i a l  cogenerat ion s y s t e m  considered herein.  A s  

shown i n  t h i s  f i g u r e ,  t h e  parabol ic  d i s h  s o l a r  energy c o l l e c t o r  f i e l d  pro- 

duces hea t  t o  genera te  steam t h a t  i s  expanded i n  a s i n g l e  tu rb ine /gene ra t ion  

u n i t .  In the  i n d u s t r i a l  cogenerat ion system, t h e  tu rb ine  exhaust steam would 

then  be d i r e c t l y  provided t o  t h e  i n d u s t r i a l  plant .  

A cos t  estimate f o r  t he  s o l a r  thermal i n d u s t r i a l  cogenerat ion p l a n t  w a s  

formulated by us ing  c o s t  information f o r  t h e  s o l a r  c o l l e c t o r / r e c e i v e r  and 

steam genera t ion  po r t ions  of t he  PFDR/R power p l an t  from Reference 81, and 

t h e  c o s t s  of t h e  steam t u r b i n e  genera tor  and a s soc ia t ed  equipment from Refer- 

ence 2. The PFDR/R c o l l e c t o r  area w a s  increased  t o  supply 80,000 l b / h  
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Figure 4-21. Schematic of a PFDR/R Power P l a n t  

Figure 4-22. I l l u s t r a t i o n  of a Point-Focusing 
Dis t r ibu ted  Receiver Solar Energy System 
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of steam a t  peak output ,  which i s  t h e  steam capac i ty  of t h e  o t h e r  Rankine 

topping cyc le  systems d iscussed  i n  Sec t ions  3.1 and 4.2.1 of t h i s  r epor t .  

The system parameters and c o s t s  of t h e  s o l a r  PFDR i n d u s t r i a l  cogenerat ion 

system are shown i n  Table 4-14. The peak e lectr ical  output  and t h e  thermal  

t o  e lectr ical  output r a t i o  of t h e  s o l a r  cogenerat ion system are the  same as f o r  

t h e  Rankine topping c y c l e  cogenera t ion  systems previous ly  discussed.  The 

c a p i t a l  c o s t  of t he  s o l a r  cogenera t ion  system is  shown as $9.8 x lo6 i n  

Table  4-14. The c o s t  of t h e  s o l a r  energy system, as  taken from Reference 8 1 ,  

i s  based on a product ion rate of 25,000 u n i t s  per year of t echno log ica l ly  

mature systems. Component c o s t  in format ion  given i n  Reference 81 shows t h a t  

s o l a r  energy system c o s t s  change s i g n i f i c a n t l y  with production rate. 

The cos t  of e l e c t r i c i t y  shown i n  Table 4-14 f o r  t h e  s o l a r  cogenera t ion  

system depends on t h e  c o s t  of d i sp l aced  f u e l  t h a t  would normally be f i r e d  i n  

an  i n d u s t r i a l  b o i l e r  t o  supply steam. The cos t  of e l e c t r i c i t y  w a s  c a l c u l a t e d  

as  d iscussed  i n  Sec t ion  2.2 with a system hea t  rate of ze ro  (because t h e  s o l a r  

cogenera t ion  system r e q u i r e s  no f u e l )  and a capac i ty  f a c t o r  of 32%. The main- 

tenance c o s t  was taken as  $O.OO5/kW-h, as f o r  t h e  fue l - f i r ed  Rankine systems. 

The c o s t  of e l e c t r i c i t y  f o r  t h e  s o l a r  cogenera t ion  system decreases  as  

more c o s t l y  f u e l  i s  displaced.  A t  f u e l  c o s t s  of $5.00 t o  $7.50 per  m i l l i o n  

Btu, t h e  c o s t  of e l e c t r i c i t y  f o r  t h e  s o l a r  cogenera t ion  system a t  a capi ta l  

c o s t  of $2600/kW becomes compet i t ive  with t h a t  of t h e  convent ional  Rankine 

and gas t u r b i n e  cogenera t ion  systems previous ly  shown i n  Sect ion 3.1 of t h i s  

r epor t .  However, t h e  s o l a r  cogenera t ion  system c a p i t a l  c o s t s  are p ro jec t ions  

based on favorable  assumptions f o r  product ion rates and f o r  the  s ta te  of t he  

technology a f t e r  a n  ex tens ive  development e f f o r t .  The c o s t s  of e l e c t r i c i t y  

f o r  a two-fold inc rease  i n  system c a p i t a l  cos t  are a l s o  shown i n  Table 4-14. 

These e l e c t r i c i t y  c o s t s  i l l u s t r a t e  t h e  e f f e c t  of a h igher  c a p i t a l  c o s t .  

4-7 7 



Table 4-14. System Characteristics and Costs f o r  Solar  
PFDR I n d u s t r i a l  Cogeneration System 

System Parameters 

Co l l ec to r  Area, m2 40,000 

Required Co l l ec to r  F i e l d  Land Area, acres 30 

Peak Electrical Output, kW 3760 

Peak Thermal Output, l b / h  80,000 

Capacity Fac to r  (no s t o r a g e ) ,  % 32 

Output Ratio of Steam t o  E l e c t r i c i t y ,  lb/kW-h 21.3 

System Cap i t a l  Costs,  1982 $ x l o 6  

So la r  Co l l e c  t o r /Receiver /Trans po r t 6.85 

Balance of Solar  P l a n t  (Land, S i t e  P rep ,  Cont ro ls )  1.75 

1.20 Tur b og ene r a t o  r /E 1 ec t r ic a1 Sy s t e m  
- 

Tota l  C a p i t a l  Cost 9.8 

Cost of E l e c t r i c i t y  

Cost of Displaced 

Fuel ,  $ per 106Btu 

m i l l s  per kW-h 

$2 600/kW $5 2 00 / kW 

1.25 2 00 430 

2.50 170 4 00 

5.00 95 330 

7.50 24 260 
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SECTION 5 

EVALUATION OF ADVANCED COGENERATION SYSTEMS 

5.1 STATE OF TECHNOLOGY 

The systems shown i n  Table 5-1 r e p r e s e n t  v a s t l y  d i f f e r i n g  states 

of t echno log ica l  development; f o r  i n s t ance ,  t h e  Atmospheric F lu id ized  Bed/ 

Rankine (AFB/R) cogenera t ion  s y s t e m  i s  near ing commercial s t a t u s  while  t h e  

molten carbonate  f u e l  c e l l  system i s  an  advanced concept based on l abora to ry  

work wi th  molten sa l t  f u e l  c e l l  s t acks .  Hence, t h e  unce r t a in ty  i n  the  esti- 

mates of c o s t  and performance varies g r e a t l y  among t h e  s y s t e m s ,  as does t h e  

r i s k  of f a i l u r e  i n  achieving expected system c o s t  and performance charac te r -  

ist ics.  The t echno log ica l  s ta te  o f  development of t h e  advanced cogenera t ion  

systems may b e  ca t egor i zed  as near-term, mid-term o r  far- term,  as  des igna ted  

i n  Table 5-1. The near-term ca tegory  inc ludes  those  sys t ems  i n  advanced 

s t a g e s  of commercial demonstrat ion t h a t  are near ing commercial r ead iness ;  t h e  

AFB/R system shown i n  t h e  Table i s  a near-term system. The mid-term ca tegory  

encompasses those systems whose major components have been ex tens ive ly  t e s t e d  

a t  t h e  p i l o t  p l an t  s t a g e  i n  conf igu ra t ions  similar t o  those  r equ i r ed  by 

ope ra t iona l  cogenerat ion systems. The mid-term category a l s o  inc ludes  sys- 

terns whose components would r ep resen t  an  improvement i n  e x i s t i n g  systems 

which extends beyond the  normal practice of modifying p resen t  des igns ,  The 

far-term des igna t ion  a p p l i e s  t o  systems i n  an  e a r l y  s t a g e  of development 

where bas i c  performance and opera t ing  parameters,  component conf igu ra t ions ,  

and materials of f a b r i c a t i o n  are being def ined.  The far-term systems pre-  

suppose that ongoing r e sea rch  and development work w i l l  r e s u l t  i n  energy 

conversion systems wi th  t h e  p ro jec t ed  performance and c o s t  c h a r a c t e r i s t i c s .  

The mid-term systems shown i n  Table 5-1 inc lude  the  pressur ized  f l u i d i z e d  

bed/gas t u r b i n e  (PFB/GT) system, t h e  air-blown g a s i f i e r / g a s  t u r b i n e  (ABG/GT) 
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system and the  ABG/phosphoric ac id  f u e l  c e l l  system. PFB/GT s y s t e m s  have 

rece ived  ex tens ive  development i n  t h e  pas t  t e n  yea r s ,  bu t  a d d i t i o n a l  work 

remains, p a r t i c u l a r l y  i n  s a t i s f a c t o r i l y  i n t e g r a t i n g  PFB u n i t s  and gas  t u r b i n e  

engines  t o  achieve acceptab le  t u r b i n e  s e r v i c e  l i f e .  Atmospheric pressure  

coa l  g a s i f i e r s  have been commercially a v a i l a b l e  f o r  yea r s ,  a s  have l a r g e r  

h igh  pressure  un i t s .  However, an  air-blown g a s i f i e r  opera t ing  a t  8 t o  10  

atmospheres pressure  t h a t  i s  s u i t a b l e  f o r  i n t e g r a t i o n  with a gas  t u r b i n e  

engine o r  f u e l  c e l l  f o r  t h e  i n d u s t r i a l  cogenerat ion a p p l i c a t i o n  i n  t h e  1O-MW 

power range i s  not  ava i l ab le .  Several  candidate  sys t em des igns  are a v a i l a b l e  

f o r  cons ide ra t ion ,  but f u r t h e r  development work i s  required.  The d i f f e r i n g  

requirements f o r  c o a l  gas  cleanup between gas  t u r b i n e  engines  and f u e l  

ce l l s  may have a s i g n i f i c a n t  impac t  on g a s i f i e r  s y s t e m  conf igu ra t ion  and 

c o s t  e 

The far-term s y s t e m s  shown i n  Table 5-1 are the  d i r e c t  coa l  i n j e c t i o n /  

ceramic rec ip roca t ing  engine and t h e  ABG/molten carbonate  f u e l  cell .  Both 

t h e  ceramic r ec ip roca t ing  engine and the  molten carbonate  f u e l  c e l l  have been 

operated i n  experimental  conf igura t ions .  These two energy conversion sys t ems  

r ep resen t  the  i n t r o d u c t i o n  of new, high-temperature materials technology 

i n t o  energy conversion sys t ems .  The performance and c o s t  c h a r a c t e r i s t i c s  

of these  systems as pro jec ted  i n  t h i s  s tudy ,  a l though c o n j e c t u r a l ,  are taken 

t o  r ep resen t  t h e  impact of advances i n  materials technology. 

The expendi ture  of research  and development funds with t h e  expec ta t ion  

t h a t  a system of presupposed performance and c o s t  c h a r a c t e r i s t i c s  w i l l  r e s u l t ,  

c e r t a i n l y  carries a n  element of r i s k .  The r i s k  o f  f a i l u r e  o r  underachievement 

may be reasonably presumed t o  inc rease  as t h e  expected c h a r a c t e r i s t i c s  of t h e  

advanced s y s t e m  become more dependent on unproven technology. Of t h e  cogener- 

a t i o n  systems shown i n  Table 5-1, t h e  near-term AFB/R system i s  cons iderably  
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less a t t r a c t i v e  than  t h e  mid-term, h igher - r i sk  PFb/GT and ABG/GT systems. 

And of p a r t i c u l a r  i n t e r e s t  is t h e  l a c k  of b e n e f i t  f o r  t h e  cogenera t ion  app l i -  

c a t i o n  considered he re in  t o  be gained from t h e  far-term, h ighes t - r i sk  systems. 

Table 5-1 shows t h e  c o s t  of e lectr ic i ty  f o r  t h e  b e s t  far- term system ( t h e  

ABG/MCFC) to be matched by two of t he  mid-term systems ( t h e  PFBIGT and t h e  

ABG/GT). The c o s t  p ro j ec t ions  and performance estimates f o r  t h e  far- term 

systems are cons iderably  more unce r t a in  than  f o r  t h e  mid-term systems. I f  

s i g n i f i c a n t  c o s t  reduct ions  and/or  performance improvements f o r  t h e  far-term 

systems were a t t a i n e d ,  they would be cons iderably  more a t t r a c t i v e .  

5.2 EMISSIONS AND FUEL F L E X I B I L I T Y  

The advanced cogenera t ion  s y s t e m s  of Table 5-1 make use of four  

d i f f e r e n t  gene r i c  techniques of f u e l  u t i l i z a t i o n :  f l u i d i z e d  bed combustion, 

air-blown g a s i f i c a t i o n ,  coa l  ex t rus ion ,  and convent ional  d i f f u s i o n  flame 

combustion. A Rankine cyc le  system, two of t h e  gas  t u r b i n e  engine systems, 

and a S t i r l i n g  engine s y s t e m  inco rpora t e  f l u i d i z e d  bed combustion t o  simul- 

taneously achieve  emissions c o n t r o l  and s o l i d  f u e l  burning c a p a b i l i t y .  The 

f u e l  c e l l  systems, a g a s  t u r b i n e  engine system, and a r ec ip roca t ing  engine 

system f e a t u r e  air-blown g a s i f i e r s  that  produce f u e l  gas from a raw feed 

s tock  of carbonaceous material such as biomass, c o a l  o r  re fuse .  The f u e l  

gas would be cleaned of contaminants p r io r  t o  combustion i n  the  hea t  engines  

o r  e lec t rochemica l  r e a c t i o n  i n  t h e  f u e l  cel l .  The uncooled, ceramic rec ipro-  

c a t i n g  engine i s  fue led  by c o a l  t h a t  i s  d i r e c t l y  i n j e c t e d  i n t o  t h e  engine ' s  

cy l inde r s  by means of a n  e x t r u s i o n  process  t h a t  p l a s t i c i z e s  t h e  coa l .  The 

convent ional  systems of each  type burn n a t u r a l  gas  and l i q u i d  f u e l s .  Emis- 

sions c o n t r o l  f o r  a l l  the  systems could be augmented through exhaust gas  

t rea tment ,  inc luding  s u l f u r  removal and c a t a l y t i c  r educ t ion  of n i t r o g e n  

oxides  i f  necessary.  
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The advanced systems do d i f f e r  s i g n i f i c a n t l y  i n  techniques of emissions 

con t ro l .  The AFB systems would probably r e q u i r e  f l u e  gas cleanup systems 

f o r  both s u l f u r  and n i t r o g e n  oxides  i n  o rde r  t o  meet t h e  more s t r i n g e n t  a i r  

p o l l u t i o n  ru l e s .  In c o n t r a s t ,  the PFB system h a s  demonstrated t h a t  v i r t u a l l y  

a l l  of t h e  f u e l  s u l f u r  can b e  captured i n  the  bed so rben t  material, and PFB 

u n i t s  have a l s o  shown extremely low l e v e l s  of n i t r o g e n  oxides emissions 

( apprec i ab ly  less than  0.1 1b/lO6Btus i n  some t e s t s ) .  Hence, t h e  PFB 

s y s t e m  would l i k e l y  r e q u i r e  supplementary c o n t r o l  on ly  t o  meet t h e  most 

s t r i n g e n t  s tandards .  The c o a l  g a s i f i e r  sys t ems  are dependent on c leanup of 

contaminants i n  the f u e l  gas  stream produced by the g a s i f i e r  i n  o rde r  t o  

achieve  emissions con t ro l .  Commercially a v a i l a b l e  d e s u l f u r i z a t i o n  u n i t s  

are employed t o  remove s u l f u r  compounds i n  t h e  f u e l  gas  stream i n  both t h e  

gas t u r b i n e  and f u e l  c e l l  systems. Additional gas c l ean ing  measures fo r  t h e  

f u e l  c e l l  system would depend on t h e  a l lowable  amounts of feed gas  contami- 

nants .  Nitrogen oxides are not  formed i n  any apprec iab le  amounts i n  t h e  

f u e l  c e l l  system's e lec t rochemica l  energy conversion process,  and only  a 

small amount of f u e l  i s  consumed i n  t h e  system's burner a t  a low combustion 

temperature. Consequently, n i t r o g e n  oxides emissions are n o t  a problem with 

t h e  f u e l  c e l l  systems. The combustion process i n  - t h e  g a s i f i e r  /gas t u r b i n e  

sys  t e m  would r e q u i r e  c l o s e  c o n t r o l  and s o p h i s t i c a t e d  combustor des ign  i n  

o rde r  t o  avoid apprec i ab le  formation of n i t r o g e n  oxides while main ta in ing  

s a t i s f a c t o r y  ope ra t ing  c h a r a c t e r i s t i c s .  Such performance remains t o  be 

demonstrated a t  very s t r i n g e n t  n i t r o g e n  oxides s t anda rds  i n  systems s u i t a b l e  

f o r  i n d u s t r i a l  cogenera t ion  app l i ca t ions .  The PFB/GT and ABG/GT s y s t e m s  

are, a t  t h i s  j unc tu re ,  u n d i f f e r e n t i a t e d  with respect t o  t h e  p o t e n t i a l  t o  

m e e t  s t r i n g e n t  n i t r o g e n  oxides  emissions l i m i t s .  Post  combustion t rea tment  

5-5 



of exhaust gas  might be requi red  f o r  t he  more s t r i n g e n t  n i t rogen  oxides  

s tandards  i f  adequate c o n t r o l  dur ing  t h e  combustion process  i s  not  achieved. 

The advanced cogenera t ion  systems using f l u i d i z e d  bed o r  g a s i f i e r  u n i t s  

have t h e  p o t e n t i a l  t o  accommodate a v a r i e t y  of f u e l s .  Addit ional  burner  

u n i t s  f o r  l i q u i d  and gaseous f u e l  could be f i t t e d  t o  the  f l u i d i z e d  bed sys- 

t e m s ,  and t h e  g a s i f i e r  s y s t e m s  may, with development, accommodate l i q u i d  o r  

gaseous fuel.  Advanced r ec ip roca t ing  engines  could be f i t t e d  wi th  l i q u i d  

f u e l  i n j e c t i o n  systems and gaseous f u e l  induct ion  systems similar to  those  

of p re sen t ly  a v a i l a b l e  dual-fuel  engines.  

5.3 COST OF ELECTRICITY 

The c o s t  of e l e c t r i c i t y  produced by cogenera t ion  systems i s  p r i -  

m a r i l y  determined by t h e  s y s t e m ' s  cap i ta l  c o s t ,  o v e r a l l  e f f i c i e n c y  of energy 

usage, and c o s t  of f u e l  consumed by t h e  cogenerat ion system. A s  t h e  c o s t s  

of n a t u r a l  gas  and d i s t i l l a t e  f u e l  escalate, t h e  c o s t  of e l e c t r i c i t y  produced 

by the  p re sen t ly  a v a i l a b l e  cogenera t ion  systems i n c r e a s e s  s u b s t a n t i a l l y .  A t  

t hese  h igher  c o s t s  of e l e c t r i c i t y ,  an  a d d i t i o n a l  cap i ta l  investment t o  enable  

t h e  use of less expensive f u e l  such as biomass, coa l  o r  r e fuse  would be j u s t i -  

f i ed .  The p resen t ly  a v a i l a b l e  technology f o r  u t i l i z a t i o n  of s o l i d  f u e l  i s  

r e s t r i c t e d  t o  the  Rankine topping cyc le  cogenerat ion systems. These s o l i d  

f u e l  o r  c o a l  burning Rankine cyc le  cogenerat ion systems have a comparatively 

h i g h  c a p i t a l  c o s t ;  as a r e s u l t ,  t h e  c o s t  of e l e c t r i c i t y  produced by such 

systems i s  competi t ive with e l e c t r i c f t y  purchased from t h e  u t i l i t y  company 

or  produced by n a t u r a l  gas and o i l - fue led  cogenerat ion systems only  i n  l i m i t e d  

circumstances.  For example, a very  l a r g e  i n d u s t r i a l  p l a n t  may achieve econo- 

m i e s  of scale that make coa l - f i red  cogenerat ion a t t r a c t i v e ,  o r  t h e  ava i l ab i -  

l i t y  of r e f u s e  o r  a waste product t o  be used as f u e l  may j u s t i f y  a n  investment 

i n  a Rankine cyc le  cogenerat ion system. 
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Cer ta in  advanced systems f o r  i n d u s t r i a l  cogenera t ion  considered i n  t h i s  

s tudy  o f f e r  t h e  p o t e n t i a l  f o r  u se  of less expensive s o l i d  f u e l s  such as 

biomass, c o a l  o r  refuse-derived f u e l  i n  systems whose o v e r a l l  e f f i c i e n c y  of 

energy u t i l i z a t i o n  and c a p i t a l  c o s t  are such t h a t  a t t r a c t i v e  c o s t s  of elec- 

t r i c i t y  are obtained i n  moderately s i z e d  systems s u i t a b l e  f o r  use i n  t y p i c a l  

i n d u s t r i a l  p lan ts .  An a d d i t i o n a l  c a p i t a l  investment i n  such systems could  

l i k e l y  be  j u s t i f i e d ,  p a r t i c u l a r l y  i n  a n  era of expensive n a t u r a l  gas  and 

d i s t i l l a t e  fue l .  The c o s t s  of e l e c t r i c i t y  f o r  advanced cogenerat ion systems 

are shown i n  Table 5-1 f o r  f u e l  c o s t s  of $1.25 and $5.00 per  m i l l i o n  Btu. 

The pressur ized  f l u i d i z e d  bed/gas t u r b i n e  engine system has t h e  lowest  c o s t  

of e l e c t r i c i t y  a t  52 mills/kW-h a t  a f u e l  c o s t  of $1.25/106Btu. The systems 

o f  Table 5.1 t h a t  have e l e c t r i c i t y  c o s t s  of from 50 t o  60 mills/kW-h when 

burning s o l i d  f u e l  o r  c o a l  a t  $1.25/106Btu inc lude  t h e  ABG/GT, t h e  PFB/GT 

and t h e  ABG/MCFC. These sys t ems  would be economically competi t ive with 

p re sen t ly  a v a i l a b l e  cogenera t ion  systems fue led  by n a t u r a l  gas  o r  d i s t i l l a t e  

a t  cu r ren t  prices. Since biomass, c o a l ,  r e f u s e ,  and o the r  s o l i d  f u e l s  are 

not  expected t o  undergo long-term p r i c e  e s c a l a t i o n  t o  the  e x t e n t  of n a t u r a l  

gas  and petroleum der ived  f u e l s ,  t h e  real c o s t  of e l e c t r i c i t y  produced by 

such advanced cogenerat ion systems would be expected to  remain r e l a t i v e l y  

s t a b l e .  

5.4 LONG-TERM POTENTIAL FOR PERFORMANCE IMPROVEMENT AND COST REDUCTION 

The long-term p o t e n t i a l  f o r  improvement i n  performance and/or  c o s t  

of t he  cogenera t ion  systems i s  ca tegor ized  i n  Table 5-1 as  low, l imi t ed  o r  

high. This  c a t e g o r i z a t i o n  i s  based on an  assessment of t he  present  state of 

t h e  technologies  on which the  cogenera t ion  systems are  based and of i n t r i n -  

s ic  characteristics that may l i m i t  a p a r t i c u l a r  technology. 
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The Rankine cycle energy conversion sys  tems are fundanenta l ly  q u i t e  

mature and are l i k e l y  t o  undergo only  marginal evolu t ionary  improvements i n  

performance and cos t .  The AFB b o i l e r s  w i l l  c e r t a i n l y  en joy  t h e  b e n e f i t  of 

f u r t h e r  improvements i n  d u r a b i l i t y  and w i l l  l i k e l y  decrease  i n  c a p i t a l  c o s t  

However, t h e i r  p o s i t i o n  r e l a t i v e  t o  t h e  o t h e r  advanced cogenerat ion s y s t e m s  

i s  not  l i k e l y  t o  change. 

The gas  t u r b i n e  engine w i l l  b e n e f i t  from t h e  continued development of 

gas  t u r b i n e  technology which i s  being i n t e n s i v e l y  pursued i n  both p r i v a t e l y  

and governmentally sponsored a c t i v i t i e s  throughout t h e  world. Gas t u r b i n e  

engines  w i l l  are l i k e l y  t o  cont inue  t o  experience improvements i n  performance 

and s p e c i f i c  power brought about by higher  temperature  materials and improved 

designs.  The air-blown g a s i f i e r / g a s  t u r b i n e  engine cogenerat ion s y s t e m  (ABG/ 

G T )  can exper ience  t h e  f u l l  advantage of such improvements, providing t h a t  

n i t rogen  oxides  c o n t r o l  technology keeps pace with t h e  increased  temperature 

c a p a b i l i t y .  In  c o n t r a s t  t o  t h e  ABG/GT, t h e  f l u i d i z e d  bed/gas t u r b i n e  systems 

are l imi t ed  i n  ope ra t ing  temperature  by t h e  techniques of s u l f u r  cap tu re  and 

r e t e n t i o n  i n  t h e  f l u i d i z e d  bed. Therefore ,  un le s s  some bas i c  change i n  

these  techniques permits  a n  i n c r e a s e  i n  ope ra t ing  temperature ,  t h e  f l u i d i z e d  

bed/gas t u r b i n e  systems are l imi t ed  t o  the  1500OF - 1700'F temperature  range. 

The pressur ized  f l u i d i z e d  bed/gas t u r b i n e  system considered i n  t h i s  s tudy 

w a s  l i m i t e d  t o  a t u r b i n e  i n l e t  temperature of 1650'F with  a concomitant 

r educ t ion  i n  engine e f f i c i e n c y  and power output .  The atmospheric f l u i d i z e d  

bed/gas t u r b i n e  system i s  l i m i t e d  t o  a lower temperature  of 1500'F because 

t h e  hea t  exchanger tubes  ope ra t e  a t  higher  stress l e v e l s .  The AFB/GT s u f f e r s  

the  f u r t h e r  disadvantage of having a s u b s t a n t i a l l y  l a r g e r  and more c o s t l y  

f l u i d i z e d  bed due t o  t h e  l a r g e r  volume requ i r ed  f o r  combustion a t  atmospheric 

pressure.  The r educ t ion  of g a s  t u r b i n e  engine e f f i c i e n c y  does no t  adve r se ly  

5-8 



a f f e c t  t h e  o v e r a l l  e f f i c i e n c y  of energy u t i l i z a t i o n  because t h e  otherwise 

l o s t  energy i s  recovered as i n d u s t r i a l  process  heat .  The power output  pena l ty  

due t o  the  r educ t ion  of t u r b i n e  i n l e t  temperature does inc rease  system c o s t  

because t h e  gas  t u r b i n e  engine  must be l a r g e r  f o r  a given power output.  The 

c o s t  of t h e  AFB/GT system i s  f u r t h e r  increased  due t o  t h e  c o s t  of t h e  atmos- 

phe r i c  f l u i d i z e d  bed and t h e  high-temperature hea t  exchanger. 

The uncooled ceramic rec ip roca t ing  engine is  a major advancement i n  hea t  

engine technology. The cogenera t ion  system based on t h e  uncooled engine 

overcomes a major disadvantage of t h e  convent ional  r ec ip roca t ing  engine i n  

t h a t  t h e  q u a n t i t y  of h e a t  a v a i l a b l e  t o  genera te  i n d u s t r i a l  process  steam is  

increased  by about two-fold. However , t h e  o v e r a l l  e f f i c i e n c y  of energy 

u t i l i z a t i o n  does n o t  match t h a t  of t h e  gas t u r b i n e  and f u e l  c e l l  systems. 

Unless t h e  cap i t a l  c o s t  of t h e  r ec ip roca t ing  engine is  reduced by the  advent  

of ceramic materials, t h e  gas t u r b i n e  and f u e l  c e l l  based systems w i l l  cont inue  

t o  be prefer red  f o r  i n d u s t r i a l  cogenerat ion.  

The S t i r l i n g  engine cogenera t ion  system has  l i m i t e d  long-term p o t e n t i a l  

because,  r e l a t i v e  t o  the  o the r  systems, i t s  capi ta l  c o s t  i s  h igh  and no cred- 

i b l e  approach t o  adequate  c o s t  r educ t ion  i s  ex tan t .  The system c o s t  problem 

is more seve re  i n  the  atmospheric f l u i d i z e d  bed S t i r l i n g  system due t o  the  

a d d i t i o n a l  c o s t  of t h e  AFB uni t .  

The solar point-focusing Rankine cogenera t ion  system r e q u i r e s  a major 

cap i ta l  c o s t  r educ t ion  before  i t  i s  compet i t ive  with t h e  b e t t e r  systems. 

Table 5-1 shows t h e  s o l a r  cogenera t ion  system i n  a mid-term and a far-term 

ve r s ion ,  t h e  c a p i t a l  c o s t  of t h e  far-term ve r s ion  being one-half that of t h e  

mid-term vers ion .  With such a c a p i t a l  c o s t  r educ t ion ,  t h e  far-term system 

has a c o s t  of e l e c t r i c i t y  among t h e  h ighe r  c o s t  op t ions  with f u e l  a t  $5.00/ 
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106Btu. 

system becomes economically a t t r a c t i v e .  

When d i sp lac ing  more expensive f u e l ,  t h e  far-term s o l a r  cogenera t ion  

Fuel cel ls  are i n  an  e a r l y  stage of technology development and could 

show s u b s t a n t i a l  improvements i n  system d u r a b i l i t y ,  r e l i a b i l i t y ,  l i f e t i m e ,  and 

c a p i t a l  cos t .  The performance of t he  phosphoric ac id  f u e l  ce l l  is  e s t a b l i s h e d ,  

and major breakthroughs i n  e lec t rochemica l  energy conversion technology seem 

unl ike ly .  But improvements i n  f u e l  ce l l  systems, p r i m a r i l y  r educ t ions  i n  

cap i ta l  c o s t  coupled with extended s e r v i c e  l i f e ,  could improve t h e i r  r e l a t i v e  

p o s i t i o n  i n  the  ranking of advanced cogenera t ion  systems. The far-term f u e l  

c e l l  o p t i o n  -- t h e  ABG/MCFC -- has  t h e  p o t e n t i a l  t o  be the  p r i n c i p a l  component 

i n  an  extremely a t t r a c t i v e  i n d u s t r i a l  cogenera t ion  system. 
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